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Advisor: Mitchell Goldfarb 
Cytoskeleton based active transport with motor proteins is essential for mRNA localization and 
local protein translation in animal cells, yet how mRNA granules interact with motor proteins remains 
poorly understood. Using an unbiased screen for interaction between mRNA binding proteins (RBP) and 
motor proteins, we identified protein interacting with APP tail 1 (PAT1) as a potential direct adapter 
between the β-actin mRNA Zipcode-binding protein 1 (ZBP1) and Kinesin-1 motor complex. 
Mouse PAT1 is similar to the Kinesin Light Chain (KLC) in amino acid sequence and binds 
directly to KLC. High-resolution images from structured illumination microscopy (SIM) indicates that 
synaptic stimulation with Brain-derived neurotrophic factor (BDNF) enhances dendritic ZBP1 and PAT1 
colocalization within ~100 nm granules, which also contain Kinesin-1. 
PAT1 is essential for BDNF-stimulated dynamic actin reorganization in dendritic growth cones 
and filopodial protrusions during synaptogenesis. Both ZBP1 and PAT1 are co-visualized along with β-
actin mRNA in actively transported granules in living dendrites with the help of genetically encoded 
fluorescent mRNA. Acute disruption of the PAT1-ZBP1 interaction diminishes the localization of β-actin 
mRNA but not the dendritic localization of Calcium/Calmodulin-dependent protein kinase II α (CaMKIIα) 
mRNA. The disruption also results in aberrant BDNF-induced dendritic morphologic plasticity and 
excitatory synapse formation. These data suggest a critical role for PAT1 in neurotrophin-induced β-actin 
mRNA transport during postnatal development that regulates dendrite growth and synapse function. It 
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mRNA localization is essential for localized protein synthesis within cells (St Johnston, 
2005; Blower, 2013) especially in neurons (Kiebler and Bassell, 2006; Bramham and Wells, 2007). 
A higher number of mRNAs are in hippocampal neuropil than expected (Cajigas et al., 2012), 
which supports localized demands for proteome plasticity at synapses (Sutton and Schuman, 
2006; Martin and Ephrussi, 2009; Richter and Klann, 2009). In neurons, the molecular motor-
dependent active transport along microtubules is the most well-studied model that can facilitate 
mRNA transport (Hirokawa, 2006). Live-cell neuronal imaging data indicates mRNAs (Rook et al., 
2000; Shan et al., 2000; Kanai et al., 2004; Dynes and Steward, 2007; Brechbiel and Gavis, 2008; 
Dictenberg et al., 2008; Gao et al., 2008; Subramanian et al., 2011) and RBPs (Kohrmann et al., 
1999; Zhang et al., 2001a; Huang et al., 2003; Tiruchinapalli et al., 2003; Goetze et al., 2006) 
move along microtubules in dendrites. These observations suggested a strong association of 
conventional kinesin (kinesin I)(Bowman et al., 2000) with RBPs and mRNAs (Mallardo et al., 
2003; Brendel et al., 2004; Kanai et al., 2004; Dictenberg et al., 2008). The kinesin inhibition 
experiments (Severt et al., 1999; Kanai et al., 2004; Dictenberg et al., 2008) revealed a role of 
kinesin-I activity in the anterograde-directed movement of mRNAs/RBPs in dendrites. KLC is 
involved in a mechanism for fragile X mental retardation protein (FMRP)-dependent mRNA 
transport in neurons (Dictenberg et al., 2008), which is significant since KLC is a bona fide cargo-
binding subunit (Kamal et al., 2001; Verhey et al., 2001). KHC mediates the transport of large 
messenger ribonucleoprotein (mRNP) complex, which contains at least a dozen RBPs and other 
proteins, yet the KLC subunit was not identified within this complex (Kanai et al., 2004). Multiple, 
distinct motor types have been shown to associate with mRNA cargoes, increasing the 
complexity of the mRNA localizing mechanism (Messitt et al., 2008; Bullock, 2011), but the 
molecular mechanism remains elusive. 
In this study, a PAT1 protein was identified to bind directly to ZBP1, a β-actin mRNA RBP; 
PAT1 also binds to KLC simultaneously. PAT1 and ZBP1 fluorescence fusion proteins, and 




hippocampal neurons. PAT1 colocalizes extensively with kinesin-I subunits. PAT1 is involved in 
the BDNF-induced transport of β-actin mRNA into dendrites. Loss of PAT1 leads to the altered 
morphology of both dendritic filopodial protrusions and dendritic growth cones, and also results in 
fewer synapsin puncta. These data pointed to an essential function for PAT1 in dendritic β-actin 
mRNA transport and highlighted a new molecular mechanism for β-actin mRNA transport in 
vertebrates. 
1.1. Mechanisms of mRNA localization 
Several mechanisms have been proposed about the sorting of mRNAs within the 
cytoplasm, and spatially controlling of protein synthesis. There are some popular mechanisms. 
The first mechanism is localized protection from degradation. One well-studied example is nanos 
mRNA (Bergsten and Gavis, 1999; Bashirullah et al., 2001; Zaessinger et al., 2006; Tadros et al., 
2007). nanos mRNA achieves its distribution pattern with the help of such local protection. When 
the mRNA degradation machinery is absent, the selective accumulation of Hsp83 mRNA is lost, 
and the transcript stabilized distributes through the embryo (Semotok et al., 2005). The second 
mechanism is polarized active transport on the cytoskeleton using molecular motors. Some 
examples applying the second mechanism are bicoid, oskar and nanos mRNAs that all localize to 
the anterior and posterior poles of the Drosophila oocyte (Johnstone and Lasko, 2001). β-actin 
mRNA localizes to the lamellipodia in fibroblasts also using the second mechanism (Condeelis 
and Singer, 2005). The last mechanism is localized anchorage mechanism (Forrest and Gavis, 
2003), which contributes to the nanos mRNA localization. Among these mRNA transport models, 
motor-based transport appears to be the predominant mechanism for the localization of mRNA in 
animal cells (Bullock, 2011), probably because it provides the most rapid method for long-
distance translocation through the crowded cellular environment. ZBP1 granules in Hippocampal 
neurons were observed moving with an average speed up to 2.1 μm/sec (Tiruchinapalli et al., 
2003). mRNAs are bound to microtubule-based motor complexes that rapidly switch between the 




Drosophila embryos (Carson et al., 2001; Bullock et al., 2006), such as GFP-MS2-Ca2+/ CaMKIIα 
3′ UTR granules, which exhibit oscillatory behavior in dendrites at a speed up to 2 μm/sec (Rook 
et al., 2000). In the oocyte of Drosophila, oskar and gurken mRNA belong to distinct mRNP 
complexes while they are transporting to the posterior and anterodorsal poles, which are kinesin 
and dynein depend (Zimyanin et al., 2008; Becalska and Gavis, 2009). In the case of oskar 
mRNA localization, only a slight bias in overall granules are posterior oriented, possible due to 
the orientation of microtubule in the Drosophila oocyte is only weakly biased towards the posterior 
(Zimyanin et al., 2008). Another well-characterized mRNA, Xenopus Vegetal mRNA may also 
apply similar localization principles in the oocyte, the action of KIF5 and KIF3 are crucial in this 
case (Messitt et al., 2008). 
1.2. Recognition of localizing mRNAs 
Although our understanding of mRNA transport mechanisms is increasing, relatively little 
is known about the processes that contribute to mRNA recognition. Previous research 
demonstrates that multiple binding sites within mRNAs or cis-acting factors recruit combinations 
of mRNPs or trans-acting factors that regulate the association and activities of different molecular 
motors as well as mediate interplay with binding complexes and translational regulators. 
Eukaryotic mRNA have 5’ and 3’ UTRs, and most mRNA regulatory elements are within the 5’ 
and 3’ UTRs, where they act as platforms for the assembly of protein complexes to the mRNAs, 
thereby generating mRNPs (Andreassi and Riccio, 2009). The 5’ UTR is mainly involved in 
controlling mRNA translation, while the 3’ UTR (but not exclusively) regulates multiple aspects of 
mRNA metabolism, including nuclear export, cytoplasmic localization, translational efficiency and 
mRNA stability (Moore, 2005). Asymmetric mRNA localization is mostly determined by cis-
elements that are, with a few exceptions, located within the 3’ UTR (Kislauskis and Singer, 1992). 
The mRNA localization signal or zipcode consist of single-stranded stretches or double-stranded 
stem-loops (Jambhekar and Derisi, 2007). The length of the zipcode ranges from a few 




element or as a combination of different elements (Jambhekar and Derisi, 2007; Singer, 2008). 
The localization of mRNAs is decided not only by the cis-acting factor itself but also the trans-
acting factors. Formation of mRNPs is initiated by specific RBPs or trans-acting factors 
recognizing cis-acting elements. The trans-acting proteins recognize localization signals by 
mRNA sequence and secondary structures. A large number of proteins have been identified with 
direct roles in mRNA localization complexes. Table 1.1 lists many localization elements or 
zipcode and their binding proteins found so far in mammalian cells (Andreassi and Riccio, 2009). 
One of the best-studied proteins is ZBP1. The targeting of β-actin mRNAs to sub-membranous 
sites in some polarized cells has been shown to be mediated by a 54 nt sequence in the β-actin 
mRNA 3' UTR and its binding protein ZBP1. For example, in chicken fibroblasts and neurons, the 
zipcode was bound and regulated by chicken ZBP1 (cZBP1) (Ross et al., 1997; Zhang et al., 
2001a; Zhang et al., 2001b; Farina et al., 2003). The mRBP Egalitarian, on the other hand, 
requires a non-specific sequence, but rather the atypical A'-form helices formed by the 44 nt 
localization element of Drosophila fs(1) K10 mRNA (Bullock et al., 2010). It is still unclear about 
the ratio between mRNA molecules and mRNPs, oskar mRNA was shown to multimerize in 
Drosophila oocyte (Hachet and Ephrussi, 2004; Jambor et al., 2011), ASH1 and IST2 mRNAs 
with different tags were detected co-transport in yeast (Lange et al., 2008). However, Drosophila 
oocytes or mammalian neurons dendrites were found to have a limited amount of mRNA 
molecules in their mRNP complexes, which might indicate that mRNAs are transported 
independently in these systems (Mikl et al., 2011; Amrute-Nayak and Bullock, 2012; Batish et al., 
2012). 
1.3. Motor proteins 
To date, there are a total of 45 murine, and human kinesin superfamily proteins (KIFs) 
have been identified and categorized into 15 families (kinesin-1 to kinesin-14B) (Miki et al., 2001; 
Lawrence et al., 2004)(Table 1.2). Base on the position of their motor domains, the 15 families of 




kinesins are at the amino terminus, provide plus-end transport along microtubules; C-kinesins' 
motor domain is in the middle, provide minus-end transport along microtubules; M-kinesins 
depolymerize microtubules(Hirokawa et al., 2009). Kinesin is a heterotetrameric molecule 
composed of two heavy chains (120 kDa) and two light chains (62 kDa) (Bloom et al., 1988; 
Kuznetsov et al., 1988). The heterodimer has four function domains: 1) motor, 2) neck, 3) stalk, 
and 4) tail. Crystal structure of the motor domains indicates a similarity between kinesin and 
myosin. Both of their motor domains are formed by the same core structural elements to form the 
nucleotide- or filament-binding site on opposite side of the motor domains (Kull et al., 1996; 
Sablin et al., 1996), indicating a common mechanism of force generation by the motors. Dynein is 
structurally different from kinesins and myosins, and may also differ in their energy transduction 
mechanisms (Kull et al., 1996; Carter et al., 2011; Hook and Vallee, 2012; Kon et al., 2012; 
Schmidt et al., 2012). This conserved motor domain of kinesin binds to microtubule and 
generates force by ATP hydrolysis; also there are one or more coiled-coil domains for protein 
dimerization and a cargo-binding domain (Schliwa and Woehlke, 2003; Vale, 2003; Lawrence et 
al., 2004; Hirokawa and Noda, 2008). The motor domain of kinesin binds to APT and attaches 
microtubule. ATP  hydrolyzes to ADP, conformational changes the kinesin. The conformational 
change of kinesin results in one eight nm step along the microtubule (Schnitzer and Block, 1997), 
thus exhibits a hand-over-hand walking along the microtubules (Yildiz et al., 2004); The 
movement of kinesin is a processive mechanism that once the motor bound to the microtubule, 
the motor protein steps before detaches, allowing the transport of cargo over long distances. 
Table 1.2 lists 15 KIF members, their cargo types and molecules, the involvement of light chains, 
and potential adaptor or scaffold proteins. Base on their functions, KIF members are categorized 
into four subtypes, axonal transport, dendritic transport, conventional transport and intraflagellar 
transport. There are many redundancies for many KIF members. KIF5 transport mitochondria, 
lysosomes, Synaptic vesicle precursors and membrane precursors, vesicles and tubulin dimer in 
axon; KIF5 also transport mRNP complex and vesicles in dendrites. As for the role of KIF5 in 




endosomes, and trans-Golgi network(TGN)-plasma membrane vesicles (Table 1.2). KIF5 
includes neuron-specific KIF5A and KIF5C, and ubiquitous KIF5B (Kato, 1990; Navone et al., 
1992; Gudkov et al., 1994; Niclas et al., 1994; Vignali et al., 1996; Bost-Usinger et al., 1997; 
Meng et al., 1997). KIF5A expresses in all neurons throughout the cell body, dendrites, and 
axons (Aizawa et al., 1992; Kanai et al., 2000). The expression of KIF5C is restricted to a subset 
of neurons includes motor neurons. KIF5B is ubiquitously expressed in all cell types (Gudkov et 
al., 1994; Meng et al., 1997).  
Neurons are highly polarized cells. Hippocampal neurons typically contain one long, thin 
filamentous axon and multiple dendrites. mRNA localization acts as a primary mechanism 
allowing localized protein synthesis within cells and subcellular organelles (St Johnston, 2005; 
Blower, 2013). Molecular motors of the kinesin and dynein superfamilies actively move along 
microtubules carrying various cargoes (Hirokawa, 1998; Hirokawa and Takemura, 2005). The 
active transport of various mRNAs into dendrites and axons occurs during specific developmental 
stages and in response to activity-dependent changes in gene expression. Recent data indicate a 
higher number of dendritic mRNAs than expected reside in the hippocampal neuropil (Cajigas et 
al., 2012). A high count of local transcripts can support the localized demand for proteome 
plasticity at synapses that autonomously regulate their activity (Sutton and Schuman, 2006; 
Martin and Ephrussi, 2009; Richter and Klann, 2009). Axons and dendrites are different in their 
intracellular signaling cascades and trafficking pathways. In axons and dendrites, microtubules 
run in a longitudinal direction and serve as tracks for the transport of membranous organelles and 
macromolecular complexes (Burack et al., 2000). Microtubules in axons and distal dendrites are 
unipolar, but the plus-end points in the direction of the synapse, on the contrary, microtubules in 
proximal dendrites have mixed polarity (Baas et al., 1989; Stepanova et al., 2003). Previous 
studies implicated motor-dependent transport of neuronal mRNAs have analyzed either the 
mRNAs themselves or the RBPs associated with them for localization. These live-cell neuronal 




Steward, 2007; Brechbiel and Gavis, 2008; Dictenberg et al., 2008; Gao et al., 2008; 
Subramanian et al., 2011) or mRBPs (Kohrmann et al., 1999; Zhang et al., 2001a; Huang et al., 
2003; Tiruchinapalli et al., 2003; Goetze et al., 2006) move on microtubules in dendrites.  
Experiments indicate a strong association of conventional kinesin with RBPs and mRNAs 
using biochemical isolation from neurons (Mallardo et al., 2003; Brendel et al., 2004; Kanai et al., 
2004; Dictenberg et al., 2008). Also supported by the effects of kinesin inhibition on mRNAs 
transport into dendrites (Severt et al., 1999; Kanai et al., 2004; Dictenberg et al., 2008). These 
studies show that the activity of kinesin-1 is vital for anterograde-directed movement of 
mRNA/RBPs in dendrites. KLC is implicated in a mechanism for FMRP-dependent mRNA 
transport in neuronal dendrites (Dictenberg et al., 2008). It is significant since KLC has been 
demonstrated as a bona fide cargo-binding subunit (Kamal et al., 2001; Verhey et al., 2001) and 
is known to regulate the ATPase activity of the microtubule-binding KHC subunit. KHC was 
shown to mediate the transport of a sizeable mRNP complex containing at least a dozen RBPs 
and other proteins from mouse brain, yet the KLC subunit was not identified within this complex 
(Kanai et al., 2004). Multiple, distinct motor types have been shown to associate with mRNA 
cargoes in several organisms, increasing the complexity of the mRNA localizing organelle even 
further (Messitt et al., 2008; Bullock, 2011). Numerous membranous organelles are transported 
from the cell body down the axon to the presynaptic terminal, such as vesicle precursors 
containing synaptic vesicle proteins, mitochondria, vesicles containing amyloid precursor protein 
(APP) and many other vesicles. The transport is completed through the interactions with JIPs 
(JNK (c-Jun N-terminal kinase) interacting protein) and KLC (Hirokawa and Takemura, 2005). 
The N-methyl-D-aspartate (NMDA) receptors are also transported to dendrites by motors 
(Guillaud et al., 2003), as are the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors, but with a kinesin different than NMDA receptors (Hirokawa and Takemura, 2005). In 
neurons, although the majority of mRNAs are localized in the cell body, some mRNAs are 




long-lasting changes in synaptic strength (Huber et al., 2000); disruption of dendritic translation of 
CaMKIIα mRNA can impair stabilization of synaptic plasticity and memory consolidation (Miller et 
al., 2002). A large detergent-resistant, RNase-sensitive granule (~1000 S in size) was isolated 
from mouse brain as a binding partner of conventional kinesin KIF5 (Kanai et al., 2004). Several 
mRNAs, such as CaMKIIα and Arc were found in this granule. Many known mRNA binding 
proteins and unknown proteins were identified from this granule, but a direct molecular link to 
physically connect mRNA granules to kinesin motors was not shown. Comprehensive information 
about the mRNA-transporting granules or the relationships among the associated proteins has 
not been published.  
Dynein family has two subtypes of molecular motors, the cytoplasmic dynein, and 
axonemal dynein. Axonemal dynein is responsible for flagella and cilia beating, while cytoplasmic 
dynein is in control of cargo transport to the minus-end and some other mitotic functions(Karki 
and Holzbaur, 1999). Cytoplasmic dynein is a multi-protein complex, contains a catalytic 
homodimeric heavy chain and non-catalytic domains, which are not required for mobility but may 
be essential for cargo binding and regulation of dynein function (Kardon and Vale, 2009). 
Dynactin is an activator of dynein-dependent cargo transport (Gill et al., 1991), and is required for 
almost all cellular dynein functions. There are at least 11 subunits in dynactin complex, help to 
target dynein to the subcellular destination, adapt cargoes to dynein and affect dynein 
processivity (Schroer, 2004). Dynein is required for the transport of the pair-rule mRNAs such as 
hairy, wingless and ftz to the apical destination in Drosophila embryo to establish the 
segmentation (Bullock and Ish-Horowicz, 2001; Bullock et al., 2004). Dynein is also required 
during Drosophila oogenesis when localization of bicoid and gurken mRNAs is critical to 
establishing both the anterior-posterior and dorsal-ventral pattern (Minakhina and Steward, 2005). 
gurken mRNA undergoes a two-step process during transport. gurken-mRNP is first transported 
to the anterior cortex then dorsally (MacDougall et al., 2003), although recent data suggest that 




control the anterior-directed transport but trapping or anchoring (Lan et al., 2010). Disruption of 
dynein leads to aberrant localization of bicoid mRNA, indicating dynein's function in continually 
transport and maintain localization of bicoid mRNA to the anterior pole. These data highlight the 
requirement of dynein in the minus-end oriented transport of bicoid and other mRNAs along 
microtubules in the Drosophila oocyte. 
The myosin motor protein superfamily has 20 different classes with distinct structures and 
functions (Krendel and Mooseker, 2005). Typical myosin motor has an N-terminal motor domain 
binds to actin filament and use ATP to generate force, a neck domain to attach the light chain, 
and a C-terminal cargo-binding domain as the myosin tail (Rayment and Holden, 1994). 
Traditionally, myosin motors were believed to operate on the actin microfilaments and control 
muscle contraction (Adelstein and Eisenberg, 1980), but more non-muscle functions such as cell 
adhesion, cell motility, signal transduction and cargo transport were discovered (Bridgman, 2009; 
Vicente-Manzanares et al., 2009). Myo4p, a class V myosin motor, transport mRNAs such as 
ASH1 mRNA in the budding yeast Saccharomyces cerevisiae. Ash1p is a transcription factor that 
represses mating type switch in the daughter cells by blocking of HO endonuclease (Gonsalvez 
et al., 2005). The active transport of ASH1 mRNA is responsible for the polarized expression of 
Ash1p, which is restricted to the daughter cells of the budding yeast (Long et al., 1997). Myosin 
and microfilaments are required for the localization of β-actin mRNA to the leading edge of 
fibroblasts (Sundell and Singer, 1991). Both inhibition of myosin ATPase activity and myosin II-B 
knocking out disrupt localization of β-actin mRNA to its appropriate leading edge of mouse 
embryonic fibroblasts. Myo4p is required for short-range transport at the posterior pole of the 
Drosophila oocyte, evidenced by the oskar mRNA transport (Krauss et al., 2009). Another study 
showed that the asymmetric localization of bicoid mRNA to the anterior pole requires 
microtubules for movement and actin filament for anchoring (Weil et al., 2008). Myosin Va carries 
many cargoes, including mRNA (Salerno et al., 2008; Krauss et al., 2009). Myosin Va may aid to 




mRNA and ZBP1 transport is microtubule dependent within axons, but Myosin Va may regulate 
this transport in a negative fashion (Nalavadi et al., 2012). Myosin Va is important for neuronal 
development (Lewis et al., 2009; Tamada et al., 2010), but its role during the mRNA localization 
is not well understood and requires more investigation. 
1.4. transport directionality 
While cytoplasmic dyneins are minus-end directed motors and mediate retrograde 
(Paschal et al., 1987; Paschal and Vallee, 1987) transport from axonal or dendritic terminals back 
to the cell body, kinesin typically moves toward the plus-end of microtubules and participates in 
anterograde transport (Vale et al., 1985a; Vale et al., 1985b), with some exceptions. KIF2a, 
kinesin-14, and perhaps kinesin-5 Cin8 move toward the minus-end of microtubules (Miki et al., 
2005; Roostalu et al., 2011). Bidirectional transport ultimately results in polarized transport. 
Kinesin and dynein are often coupled together, indicated by that disruption of either results in 
decreased transport in both directions (Waterman-Storer et al., 1997; Martin et al., 1999; Deacon 
et al., 2003; Ling et al., 2004; Ally et al., 2009; Uchida et al., 2009). Interactions between dynactin 
and kinesin-2 and kinesin-5 have been reported, dynactin increases processivity of kinesin-2 
through microtubule binding (Deacon et al., 2003; Berezuk and Schroer, 2007), but it is unclear 
what is the function of this interaction (Blangy et al., 1997). One model tries to explain the 
presence of both motors during transport by stating that the functions of both motors are 
controlled by their engagement (Welte, 2004; Gross et al., 2007). By modulating the on/off rate of 
motors to the cytoskeleton, or via adaptors or post-translational modification of motor proteins to 
achieve such regulation of transport. Another "tug of war" model proposes that motor proteins 
fight over cargoes and the strongest force wins, supported by high-resolution analysis of vesicles. 
The stoichiometric ratio of kinesin-2 and dynein could decide vesicle's transport direction 
(Hendricks et al., 2010). The directionality of mRNA transport may apply the similar "tug of war" 
model. hairy mRNA in Drosophila oocyte recruits extra motor molecules to achieve bias transport 




hairy mRNA favors long runs in the minus-end direction, while non-localized mRNAs exhibit short 
and non-productive bidirectional runs (Bullock et al., 2006). The study of oskar mRNA localization 
led to a different model. The majority of oskar mRNPs move towards the plus-end of microtubules, 
which agrees with the data that kinesin-1 transport oskar mRNA in Drosophila oocytes (Brendza 
et al., 2000). The orientation of microtubules in the oocyte is weakly biased towards the posterior, 
a slightly biased transport towards the posterior of the oocyte was observed from the overall 
directionality (Zimyanin et al., 2008), which is reversed in mutants know to affect oskar mRNA 
localization, suggesting that some potential factors that bind oskar mRNA may enhance kinesin 
binding by blocking dynein binding (Zimyanin et al., 2008). Nuclear export factor 2 (NXF2) is a 
member of the NXF family, interacts with several motor proteins, such as KIF9, DyneinLC1-like 
protein, and KIF17, so to mediate cytoplasmic localization of mRNAs. The N-terminal region of 
NXF2 interacts with the C-terminus of KIF17, from mRNA granules that move bidirectionally along 
dendrites in a microtubule-dependent manner (Takano et al., 2007). Staufen, a component of the 
Drosophila Vg1 mRNP, interacts with kinesin-1 and mediate the transport of Vg1 mRNP, but the 
vegetal localization of Vg1 mRNA can be disrupted by the blocking kinesin-2 (Betley et al., 2004). 
It is not clear the relationship between kinesin-1 and kinesin-2 in vegetal mRNA transport. KIF3A 
and HuD proteins are present in the tau mRNA axonal granules and suggest an additional 
function for the kinesin family in the microtubule-dependent transport of mRNA granules (Aronov 
et al., 2002). Still, future studies are required to investigate the models discussed above and 
elucidate the mechanism of motor protein coordination. 
1.5. Kinesin light chain 
KLC has three domains: the N-terminal coiled-coil domain that binds to the KHC, a C-
terminal domain, and a tetratricopeptide repeat (TPR) domain. The C-terminal domain and TPR 
domain serve as a linker between KHC and the cargoes (Kamal and Goldstein, 2002). The C-
terminal region of KHC interacts with many proteins, and in fungi such as Neurospora crassa, 




Many potential kinesin cargo molecules can bind simultaneously to KHC (Huang et al., 1999; 
Diefenbach et al., 2002).  
The TPR domain of KLC is known as a protein-protein interaction module, which consists 
of multiple tandem-repeats of 34 amino acids (D'Andrea and Regan, 2003). Four isoforms of KLC 
present in humans: KLC1, KLC2, KLC3, and KLC4. KLC1 is highly expressed in neurons and 
interacts with JIPs, Huntingtin-associated protein-1 (HAP1), alcadein1 (ALC1) torsinA, collapsing 
response mediator protein-1(CRMP2), KIDINS220, and Daxx to play its role in neurodegeneration 
and axonal outgrowth (Verhey et al., 2001; Kamm et al., 2004; Kimura et al., 2005; Konecna et al., 
2006; McGuire et al., 2006; Araki et al., 2007; Bracale et al., 2007; Lalioti et al., 2009). KLC1 and 
KLC2 both have TPR domains, share high primary sequence homology, with 87% identity, and 
share some cargo proteins (Kimura et al., 2005; McGuire et al., 2006; Araki et al., 2007) but not 
torsinA (Bracale et al., 2007). Many cargoes require KLC for their binding to motors, hence 
competitions for KLC1 or KLC2 bindings between the cargoes (Araki et al., 2007). Aromatic 
residues such as tyrosine in JIP1 and tryptophans in ALC1 are required to interact with 
KLC1(Verhey et al., 2001; Konecna et al., 2006; Araki et al., 2007). The aromatic residues in JIP1 
and ALC1 are surrounded by aspartic or glutamic acids which produce a negatively charged 
stretch of sequence. Since JIP1 suppresses the transport of ALC1, while ALC1 blocks the JIP1 
mediated transport of APP-containing vesicles (Araki et al., 2007), a similar mechanism may be 
applied by both JIP1 and ALC1 to associate with KLC1. KLC3 expresses in spermatids (Junco et 
al., 2001). KLC3 mRNA is present before and after meiosis, not like the neuronal KLC1 and 
ubiquitous KLC2 which only express before meiosis (Junco et al., 2001). There is an interaction 
between KLC3 and KHC in vitro, which is mediated by an HR domain (Gauger and Goldstein, 
1993; Diefenbach et al., 1998). KLC3 and KLC4 are both involved in mitochondria-related cell 
processes. KLC3 associates with outer dense fibers (ODF) via its HR domain (Bhullar et al., 
2003), KLC3 associates with mitochondria via the TPR domain (Zhang et al., 2004). KLC4 (also 




motor-based transport (Miki et al., 2001). Depletion of KLC4 induces apoptosis of radio resistant 
cancer cells by mitochondrial dysfunction via Ca2+ influx (Baek et al., 2018). The TPR domains 
are almost the same through different KLC isoforms (Rahman et al., 1998). Hence the 
interactions between cargoes and KLCs are expected to be the same. However, many data 
suggest quite the opposite. The C-terminal region of KLCs has considerable variability, which 
may contribute to the recognition of different cargoes. There are many different splicing isoforms 
of KLC1, at least 19 (Khodjakov et al., 1998; Gyoeva et al., 2000; McCart et al., 2003), but usually, 
one isoform is present in any given kinesin-1 molecule (Gyoeva et al., 2004). 
In the absence of cargoes, kinesin-1 is in a folded and compact state, which prevents 
ATP hydrolysis. The C-terminal isoleucine–alanine–lysine motif of a single KHC tail binds at the 
N-terminal motor dimer and apply a "double-lockdown" mechanism. It cross-links the motor 
domains and prevents the movement of the neck linker region that is required for ADP release 
(Verhey et al., 2001; Kamal and Goldstein, 2002; Kamm et al., 2004; Kimura et al., 2005; 
McGuire et al., 2006; Bracale et al., 2007). Tail-mediated inhibition is relieved in the cargo-bound 
active state. The configurational change after cargo binding results in a stretched structure which 
can hydrolyze ATP and move along microtubules (D'Andrea and Regan, 2003; Kimura et al., 
2005; Konecna et al., 2006; Araki et al., 2007; Lalioti et al., 2009). KLCs reduce the interaction 
with microtubules and aid to maintain the autoinhibited state in the absence of cargoes (Scheufler 
et al., 2000; Kimura et al., 2005; Lalioti et al., 2009). In vitro biophysical experiments indicated 
that KLC decreases the affinity of the motor domains for the auto-inhibitory heavy chain through 
both steric and electrostatic factors (Gatto et al., 2000). Adaptor proteins that help vesicular 
cargoes interact with kinesins can bind to multiple sites on both KHC and KLC. These multiple 
site binding stabilizes the active state and destabilizes the inactive state hence promote cargo-
dependent transport (Das et al., 1998; Lapouge et al., 2000; Konecna et al., 2006; Dutta and Tan, 
2008). 




The first molecular linker was found in Saccharomyces cerevisiae. ASH1 mRNA 
accumulates in the daughter cells (Singer et al., 1997); this led to the discovery of She 2 protein 
(She2p), which binds to the stem-loop structure of ASH1 mRNA. She 3 proteins (She3p) and She 
4 proteins (She4p) serve as linker proteins between ASH1-She2p complex and the motor protein 
Myo4p. The RBP She2p binds to the localization elements in ASH1 mRNA and simultaneously 
binds to She3p, an adapter protein that can directly bind to a Myo4p (Paquin and Chartrand, 
2008). However, this model got complicated by the fact that She3p binds directly to the ASH1 
mRNA with high affinity together with She2p (Landers et al., 2009; Muller et al., 2011). Another 
complete linker was uncovered between mRNA localization signals and dynein in Drosophila 
(Dienstbier et al., 2009), providing an opportunity to probe the molecular details of the assembly 
and the operation of mRNA-motor complexes. An Egalitarian (Egl) protein directly recognizes 
mRNA localization elements. A conserved domain for cargo recruitment in Dynein cofactor 
Bicaudal-D (BicD) physically interacts with Egl, providing the first working model for a complete 
connection between minus-end directed mRNA granules and microtubules. BicD binds to and 
stimulates dynein motility, and it was proposed that binding of the Egl/BicD complex to dynein 
promote mRNA localization. However, Egl binds dynein light chain (DLC) directly (Navarro et al., 
2004), and the details of BicD's interaction with and regulation by dynein/dynactin is not 
understood (Hoogenraad et al., 2003). Therefore, a detailed molecular understanding of this 
complex in dynein-mediated mRNA localization is still required.  
1.7. mRNA transport and brain-derived neurotrophic factor (BDNF) 
Brain-derived neurotrophic factor (BDNF) was first purified from the porcine brain in 1982 
(Barde et al., 1982). BDNF belongs to the neurotrophin family that includes nerve growth factor 
(NGF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5). BDNF promotes neuronal survival, 
differentiation, and synaptic function (Kaplan and Miller, 2000; Chao, 2003). BDNF induces long-
term potentiation (LTP) in hippocampal slices (Kang and Schuman, 1995), which is dependent on 




of the brain, synapses must be formed, and the precise control of the development of synapses is 
crucial for neuronal activity and brain functions. Most of the excitatory synapses are formed at 
dendritic spines (Bourne and Harris, 2008). It was demonstrated that the changes in spine 
morphology are related to functional alterations at the synaptic level (Yuste and Bonhoeffer, 2001; 
Kasai et al., 2003). It is also believed that the brain stores information by strengthening and 
weakening existing synapses, as well as by elimination of synapses. One of the primary functions 
of dendritic spines is to compartmentalize local synaptic signaling pathways and limit the diffusion 
of postsynaptic molecules (Nimchinsky et al., 2002; Newpher and Ehlers, 2009). In mammalian 
cells, the actin cytoskeleton plays an essential role in many cellular processes involving 
membrane dynamics such as cell motility and morphogenesis. The actin cytoskeleton is vital in 
the formation and elimination of dendritic spines, as well as in regulating motility, stability, size 
and shape of dendritic spines (Halpain, 2000; Luo, 2002; Ethell and Pasquale, 2005; Tada and 
Sheng, 2006; Schubert and Dotti, 2007). The actin cytoskeleton controls the overall structure in 
synapses, and it also regulates synaptic activities (Sheng and Hoogenraad, 2007), anchors 
postsynaptic receptors (Renner et al., 2008), facilitates synaptic cargo traffic (Schlager and 
Hoogenraad, 2009) and localizes the translation machinery (Bramham, 2008). 
BDNF and netrin-1 both induce local translation of β-actin mRNA in growth cones (Leung 
et al., 2006; Yao et al., 2006). BDNF-induced local β-actin synthesis and growth cone guidance 
requires phosphorylation of ZBP1 proteins (Sasaki et al., 2010). Local protein synthesis in 
dendrites is also required for other paradigms of enduring synaptic plasticity (Huber et al., 2000; 
Miller et al., 2002). These data suggest that BDNF may modulate synaptic plasticity by regulating 
dendritic local protein translation. The transport of mRNAs from soma to dendrites or axons is 
achieved by suppressing mRNAs translation in mRNA granules during transporting them into the 
dendritic or axonal compartment via molecular motors (Kindler et al., 2005; Hirokawa, 2006; 
Martin and Zukin, 2006). The immediate early gene Activity-regulated cytoskeleton-associated 




Arc mRNA translation is necessary for BDNF to influence LTP at the synapses by both in vitro 
and in vivo studies (Yin et al., 2002; Ying et al., 2002; Messaoudi et al., 2007). Discrete in vivo 
application of BDNF to the dentate gyrus increases dendritic Arc mRNA, suggesting that BDNF 
stimulation increases Arc mRNA dendritic trafficking (Ying et al., 2002). However, in this same 
study overall levels of Arc mRNA were increased, leaving the possibility that BDNF could solely 
be inducing overall transcription. ZBP1 associates with β-actin mRNA and targets into the 
dendritic compartment in response to cellular depolarization (Tiruchinapalli et al., 2003). 
Interestingly, BDNF-induced spine head growth was reduced in cells where ZBP1 was knocked 
down (Eom et al., 2003). These findings suggested two possibilities. The first possibility is that 
BDNF may stimulate dendritic transport of β-actin mRNA in a ZBP1-dependent manner. The 
second possibility is that BDNF induces local translation rather than transport of β-actin mRNA, 
but this elevated translation could be unnoticed when local mRNA pools were depleted after 
knocking down ZBP1 since low levels of ZBP1 decrease ZBP1-dependent transport of β-actin 
mRNA. One robust experimental data strongly supported the first possibility that BDNF stimulates 
dendritic transport of mRNA, this experiment reported that BDNF stimulation increases dendritic 
levels of mRNA for both TrkB and BDNF (Righi et al., 2000). This study showed that without KCl 
stimulation, in vitro hippocampal neurons in culture under BDNF application showed increased 
dendritic levels of both BDNF and TrkB mRNAs in the presence of the transcription inhibitor, 
actinomycin (Righi et al., 2000). Furthermore, inhibition of BDNF action with scavenger TrkB-IgG 
decreases levels of BDNF and TrkB mRNAs in dendrites after KCl stimulation (Righi et al., 2000). 
Overall, these data suggested that BDNF enhances mRNA transport from soma to dendrites. 
Many studies tried to address the question of which dendritic mRNAs are translationally 
induced by BDNF. BDNF induces the local translation of several synaptic proteins in dendrites of 
cultured neurons (Aakalu et al., 2001; Yin et al., 2002; Schratt et al., 2004; Takei et al., 2004; 
Schratt et al., 2006). These proteins include Arc, CaMKIIα, the type 1 inositol 1,4,5-trisphosphate 




rapamycin (mTOR inhibitor), BDNF-induced local translation was abolished entirely for Arc 
whereas CaMKIIα translation was only partially decreased, suggesting that BDNF induces local 
translation of CaMKIIα mRNA through multiple signaling pathways that are different from 
translational regulation of Arc mRNA (Takei et al., 2004). 
Tropomyosin-related kinase B (TrkB) is a glycoprotein with 821 amino acids, encoded by 
the NTRK2 gene. TrkB is the receptor for BDNF and NT-4 (Klein et al., 1989). The dimerized 
BDNF binds to TrkB, results in dimerized and activated TrkB (Wu et al., 1996; Ohira et al., 2001). 
BDNF/TrkB pathway implicates in synaptic plasticity and neuronal morphogenesis (Binder and 
Scharfman, 2004). BDNF also binds to nerve growth factor receptor (NGFR), or p75 neurotrophin 
receptor (p75NTR) with low affinity (Chao et al., 1986). BDNF is involved in energy metabolism 
(Matthews et al., 2009), memory, behavior, learning (Hall et al., 2000), pain (Pezet et al., 2002) 
and apoptosis (Yeiser et al., 2004). BDNF plays roles in Alzheimer’s disease (Ferrer et al., 1999), 
Huntington’s disease (Zuccato et al., 2001), epilepsy (Takahashi et al., 1999) and bipolar disorder 
(Neves-Pereira et al., 2002). 
After the bound between BDNF and TrkB, the tyrosine residues of the TrkB kinase 
domain autophosphorylated (Wu et al., 1996). The complex recruit many molecules including 
SHP2 (Yamada et al., 1999), SHC and PLC-γ (Yamada et al., 2002). SHP2, SHC and PLC- γ 
interact with their downstream targets and activate signal pathways including PI3K/AKT pathway 
(Araki et al., 2000) which is essential for proliferation and survival of neuronal cells (Yamada et al., 
2001), RAS/ERK pathway (Ou and Gean, 2006), PLC/PKC pathway (Groth and Mermelstein, 
2003), AMPK/ACC (Matthews et al., 2009) pathway and NFκB pathway (Burke and Bothwell, 
2003). BDNF promotes neuronal survival through ERK5/MEF cascade (Shalizi et al., 2003). 
mTOR pathway and subsequent protein synthesis are activated through the activation of 
PI3K/AKT pathway by BDNF (Takei et al., 2004). BDNF activates ERK1/2 pathway and 
implicates many cellular processes, such as cellular growth and differentiation (Sugimoto et al., 




al., 2000; Szatmari et al., 2007). BDNF/PLC pathway results in phosphorylation of CREB and 
release of Ca2+ (Finkbeiner et al., 1997), neuronal migration (Zhao et al., 2009) and upholds of 
synaptic plasticity (Groth and Mermelstein, 2003). Though the cAMP/PKA pathway, BDNF 
maintains synaptic plasticity (Thakker-Varia et al., 2001) and induces BDNF in an autocrine 
manner (Cheng et al., 2011). BDNF regulates axonal growth and branching through 
phosphorylation of catenin-β (David et al., 2008). BDNF can induce neurite growth via activation 
of JAK/STAT (Lin et al., 2006), RAC and cell cycle 42 (CDC42) signal pathways (Miyamoto et al., 
2006). Microtubule assembly can be regulated by BDNF via the inhibition of GSK3-β (GSK3B) 
(Namekata et al., 2012). BDNF activates p47-PHOX (NCF1) and p67-PHOX (NCF2) and results 
in oxidative neuronal necrosis (Kim et al., 2002). AMPA and NMDA receptor expression is also 
regulated by BDNF(Wu et al., 2004). BDNF mediates gene expression that controls dendritic 
differentiation and calcification of cementoblast-like cells (Kajiya et al., 2008). BDNF activates 
TRAF6 and regulates TrkB ubiquitination through TRAF6 (Jadhav et al., 2008). Another event 
TRAF6 leads to is c-Jun phosphorylation, through JNK activation by TRAF6 (Yeiser et al., 2004). 
BDNF/p75NTR pathway also play roles in many events; it controls nitric oxide production through 
the NFκB pathway (Burke and Bothwell, 2003). BDNF activates JNK3 and leads to proteolytic 
cleavage of p75NTR (Kenchappa et al., 2010). All previous data about pathways are centralized 
and available through WikiPathways (Sandhya et al., 2013) 
(http://www.wikipathways.org/index.php/Pathway:WP2380).  
1.8. Zipcode-binding protein 1 (ZBP1) 
F-actin is involved in cytoskeleton dynamics in the morphological changes of dendritic 
filopodia and spines during development (Fischer et al., 1998; Halpain et al., 1998; Dunaevsky et 
al., 1999; Fischer et al., 2000; Zhang and Benson, 2001). The sorting of distinct actin isoforms 
and their spatial regulation may play a central role in actin-dependent synaptogenesis, but the 
molecular mechanisms behind this have not been elucidated. Previous studies have shown that 




was first found to be able to localize in the lamellae, the leading edge of chicken embryo 
fibroblast (Kislauskis et al., 1997). It was also found that β-actin mRNA is localized at the growth 
cones of neuritis (Bassell et al., 1998), and dendritic spines of adult cerebella neurons (Micheva 
et al., 1998). Targeting of β-actin mRNA to the leading edge of fibroblasts and establishing 
specific protein enrichment through local protein translation requires the presence of conserved 
sequence elements in the 3’ UTR of β-actin mRNA. This particular mRNA sequence in the β-actin 
mRNA 3’ UTR has first identified in chicken embryonic fibroblast. This sequence is a 54 nt 
sequence and has been termed as “zipcode” ever since (Kislauskis et al., 1994). The assembly of 
mRNP requires both trans-acting and cis-acting factors. One of the trans-acting factors, the ZBP1 
was discovered as a binding protein of β-actin mRNA zipcode in chicken embryonic fibroblast. 
ZBP1 was studied in other types of cells like neurons (Ross et al., 1997; Zhang et al., 2001a; 
Farina et al., 2003). ZBP1 was first identified in chicken, and later on its homologues were found 
in a wide range of species, including Xenopus, Drosophila, human and mouse (Mueller-Pillasch 
et al., 1997; Deshler et al., 1998; Doyle et al., 1998; Havin et al., 1998; Nielsen et al., 1999; 
Zhang et al., 1999b; Nielsen et al., 2000). ZBP1, as the founding member of a highly conserved 
family (termed VICKZ in reference to the founding members: Vg1RBP/Vera, IMPI-3, CRD-BP, 
KOC, and ZBP1) has been shown to be important in the post-translational regulation of several 
different mRNAs (Yisraeli, 2005). 
The interaction between the zipcode and cZBP1 is vital for normal motility of the chicken 
fibroblast leading edge or neurite growth cones (Shestakova et al., 2001). In cultured rat 
hippocampal neurons, β-actin mRNA is localized to dendrites, filopodia, and spines 
(Tiruchinapalli et al., 2003). The localization of β-actin mRNA may provide an essential function 
for synaptogenesis and developmental plasticity. Rat orthologue of cZBP1 (rZBP1) is required for 
the localization of β-actin mRNAs to dendrites of cultured hippocampal neurons. Manipulation of 
rZBP1 levels by applying morpholino antisense oligonucleotides or overexpression of constructs 




dependent effect on the formation of filopodial protrusions was also observed (Eom et al., 2003). 
These results revealed the function of the polarized localization of β-actin mRNA in dendritic 
morphology and synaptic growth. The functions of ZBP1 homologs in other species were also 
discovered soon after ZBP1’s characterization of the chicken. Vg1RBP/Vera is required for the 
localization of Vg1 mRNA to the vegetal cortex of oocyte and also the localization of β-actin 
mRNAs in Xenopus axons (Deshler et al., 1998; Havin et al., 1998; Leung et al., 2006; Yao et al., 
2006). Insulin-like growth factor II-mRNA binding Protein (IMP-3) was initially identified as a 
translational regulatory protein of insulin-like growth factor II mRNA, but has also been found to 
promote the localization of H19 and tau mRNAs, and stabilize CD44 and β-TrCP1 mRNAs 
(Nielsen et al., 1999; Runge et al., 2000; Atlas et al., 2004; Vikesaa et al., 2006; Elcheva et al., 
2009). ZBP1 and VICKZ family proteins are involved in repressed prognosis in several types of 
cancers as evidenced by the detection of their overexpression. IMP1 is highly expressed in 
testicular neoplasia, thus may be useful as an auxiliary marker; The expression of oncofetal IMP1 
predicts clinical outcome in colon cancer; IMP3 expression is a marker for endometrial serous 
carcinoma and ovarian carcinoma (Hammer et al., 2005; Dimitriadis et al., 2007; Zheng et al., 
2008; Kobel et al., 2009).  
ZBP1 and all its homologs are ~ 68 kDa proteins containing two RNA recognition motifs 
(RRM1 and RRM2) at the N-terminal part of the protein, and four C-terminal hnRNP K homology 
(KH1, KH2, KH3 and KH4) domains. Alignment of their amino acid sequence revealed that most 
of the conserved residues are clustered into three didomains (RRM12, KH12, and KH34) (Figure 
1.1). ZBP1 and IMP1 share most of their protein sequence (>94%), but studies aiming to 
establish a general mechanism to explain the requirement for recognition between proteins and 
their target mRNA or mRNAs have failed (Runge et al., 2000; Farina et al., 2003; Nielsen et al., 
2004; Patel and Bag, 2006; Atlas et al., 2007; Jonson et al., 2007). For the study mainly focused 
on ZBP1, experimental results showed that KH3 and KH4, but not the RRM domains, bind to the 




cytoskeleton attachment (Farina et al., 2003). More experimental data revealed the mechanism of 
how ZBP1 recognizes its mRNA targets. KH3 and KH4 recognize a bipartite mRNA element 
located within the first 28 nt of the zipcode and induces RNA looping (Chao et al., 2010). 
1.9. Protein interacting with APP tail 1 
Protein interacting with Amyloid Precursor Protein (APP) tail 1 (PAT1), also known as the 
amyloid precursor protein (cytoplasmic tail) binding protein 2 (APPBP2), interacts with 
microtubules and is functionally associated with β-amyloid precursor protein transport and 
processing. The β-amyloid precursor protein is a cell surface protein with the signal-transduction 
property and is thought to play a role in the pathogenesis of Alzheimer's disease (Selkoe, 2001; 
Gandy, 2005). Amyloid plaque, the primary hallmark of Alzheimer disease, is mainly composed of 
β-amyloid peptide, which is proteolytically produced from APP. Many intracellular interaction 
partners affect APP’s processing; PAT1 recognizes the basolateral sorting sequence (Bass) of 
APP and is associated with microtubules. An influence on APP cleavage at the cell surface and a 
KLC-like function have been proposed to PAT1 (Zheng et al., 1998). The PAT1 protein consists 
of 585 amino acids and has a molecular mass of ~ 67 kDa. Both N- and C- terminus of PAT1 are 
predicted to form globular structure. A stretch of 35 amino acids form five heptad repeats 
domains (HR) that are likely to form a coiled coil; four tetratricopeptide repeat domains are found 
at the C-terminus of PAT1 (Figure 1.2). PAT1 shows high similarity to KLC, and the region of 
maximum similarity between PAT1 and KLC contains the four 42 amino acid imperfect tandem 
repeats and are conserved in C. elegans, chicken, squid, Drosophila, chicken, and human (Zheng 
et al., 1998). 
PAT1 is involved in intracellular transport. PAT1 carries APP along microtubules and 
transport it toward the cell surface (Zheng et al., 1998), possibly aided by kinesin. Experimental 
results showed that PAT1 is a binding partner of KLC’s TPR motifs (Hammond et al., 2008). 
Other than protein transport function,  a whole new aspect of PAT1’s intracellular function has 




localization in Drosophila (Loiseau et al., 2010), which was the first report of PAT1’s function in 
mRNA localization. PAT1 is expressed in many cell types and throughout the brain and is 
enriched in the hippocampus during development and synaptogenesis. Although it is highly 
similar to KLC (Figure 1.3), it was surprisingly found to bind directly to KLC. We mapped the 
domain to the TPR cargo-binding region of KLC, which binds to an HR region in PAT1. Starting 
with the observation that PAT1 and ZBP1 interact in a yeast 2-hybrid system (Dictenberg, 
unpublished), PAT1 was identified as a novel adapter protein. PAT1, which binds directly to the 
β-actin mRNA binding protein ZBP1 and regulates β-actin mRNA transport in neurons. PAT1 
binds to the N-terminus of ZBP1, a region of unknown function, which is different from what has 
been found in Drosophila, where PAT1 and KLC act redundantly (Loiseau et al., 2010). We 
imaged PAT1 and ZBP1 fluorescent fusion proteins, along with genetically encoded fluorescent 
β-actin mRNA. The results showed that ZBP1, PAT1 and β-actin mRNA transport together in 
dendrites of living hippocampal neurons. PAT1 colocalizes extensively with Kinesin-I subunits. 
Using PAT1 siRNA and dominant-negative ZBP1 approaches, we proved that PAT1 is required 
for BDNF-induced transport of β-actin mRNA into dendrites. Loss of β-actin mRNA transport due 
to PAT1 insufficiency led to decreased dendritic growth cone size and filopodial length decrease, 
altered dendritic filopodial protrusion morphology, and lower synapses density. These data 
illustrated a vital function for PAT1 in dendritic β-actin mRNA transport after BDNF stimulation, 
proved PAT1’s role in actin-dependent morphologic dynamics, and highlighted a new molecular 










Ref Binding proteins Refs 
β-actin rat Dendritic filopodia 3’ UTR 54 nt (Eom et al., 2003) ZBP1 (Eom et al., 2003) 






al., 2005)   
BDNF Mouse, rat Dendrites 3’ UTR  (An et al., 2008)   




(Mori et al., 2000; 
Blichenberg et 
al., 2001) 
CPEB (Huang et al., 2003) 
Dendrin Rat Dendrites 3’ UTR 1000 nt (Kremerskothen et al., 2006)   
IP3R1 Mouse Dendrites 3’ UTR  (Iijima et al., 2005) Hfz (Iijima et al., 2005) 
MAP2 Rat Dendrites 3’ UTR 640 nt (Blichenberg et al., 1999) 
MARTA1, 
2 
(Rehbein et al., 
2000) 
Nanos Drosophila Dendrites 3’ UTR  (Rehbein et al., 2000)   




Rat Dendrites 5’ UTR 24 nt (Pal et al., 2003) 
60 & 70 
kDa 
proteins 
(Pal et al., 2003) 
Protein 
Kinase Mξ Rat Dendrites 3’ UTR 84 nt 
(Muslimov et al., 
2004)  
(Muslimov et al., 
2004) 
RhoA Rat Axons 3’ UTR  (Wu et al., 2005)   
Shank1 Rat Dendrites 3’ UTR 200 nt (Bockers et al., 2004)   
syntaxin Aplysia Axon hillock 3’ UTR CPE (Liu et al., 2006) CPEB (Liu et al., 2006) 
Tau Rat Axons 3’ UTR 91 nt (Behar et al., 1995) IIf3, NF90 
(Larcher et al., 
2004) 
vasopressin Rat Dendrites ORF +  3’ UTR  
(Prakash et al., 
1997) PABP (Mohr et al., 2001) 
 
Table 1.1: List of mRNAs and their localization elements and mRNA binding proteins. 
This list is adapted from (Andreassi and Riccio, 2009) with some modifications. BDNF Brain-derived 
neurotrophic factor, CaMKIIα CaM-Kinase II α, IIf3 Interleukin enhancer binding factor 3, IP3RI Type 1 
Inositol 1,4,5-trisphosphate receptor, MAP2 Microtubule associated-protein 2, CPE Cytoplasmic 
polyadenylation element, CPEB CPE binding protein, PABP Poly (A) binding protein, HZF Hematopoietic 





Motor Light chain Cargo type 
Adaptor/scaffol












(Hall and Hedgecock, 
1991; Aizawa et al., 
1992; Okada et al., 
1995; Zhao et al., 
2001; Niwa et al., 
2008) 
None Vesicles Unknown Ptdlns(4,5)P2 (Klopfenstein and Vale, 2004) 
KIF1Bα None Mitochondria KBP Mitochondrial proteins 
(Nangaku et al., 1994; 









(Cai et al., 2005; 
Glater et al., 2006; 
Cho et al., 2007; 
Wang and Schwarz, 
2009) 
Unknown Lysosomes Unknown LAMP2 
(Tanaka et al., 1998; 
Byrd et al., 2001; 
Gindhart et al., 2003; 
Nakata and Hirokawa, 






UNC76 UNC51(ATG1) & synaptotagmin 
(Byrd et al., 2001; 
Gindhart et al., 2003; 















DISC1 Nudel & LIS1 (Taya et al., 2007) 
KLC Vesicles JIPs APOER2(LPR8) (Bowman et al., 2000; Verhey et al., 2001) 
KLC Vesicles JIP1(MAPK8IP1) Phosphorylated APP (Inomata et al., 2003) 
KLC Tubulin dimer CRMP2 Tubulin (Kimura et al., 2005) 







FAP3) Vesicles Fodrin Unknown (Takeda et al., 2000) 
KAP3 Vesicles Unknown APC & PAR3 (Nishimura et al., 2004; Shi et al., 2004) 
KAP3 Vesicles Unknown N-cadherin &  β-catenin  (Teng et al., 2005) 
KIF13B 
(GAKIN) 
None Vesicles Centaurin-α1 Ptdlns(3,4,5)P3 (Venkateswarlu et al., 2005) 
None Protein complex Unknown DLG 










None Vesicles LIN10(MINT1)-LIN2-LIN7 NR2B 
(Jo et al., 1999; Setou 
et al., 2000) 
None Vesicles Unknown GluR5 (Kayadjanian et al., 2007) 
None Vesicles Unknown Kv4.2 (Chu et al., 2006) 
 Unknown mRNP complex NXF2 Poly(A)






None Vesicles GRIP1 GluR2 (Setou et al., 2002) 
None mRNP complex Unknown 
hnRNP-U, Pur-α & 
Pur-β (Kanai et al., 2004) 
KLC mRNP complex FMRP(FMR1) Unknown 






Unknown Unknown (Saito et al., 1997) 
Conventional transport 
KIF5 
None ER Unknown Kinectin (Santama et al., 2004) 
Unknown Golgi-ER vesicle Unknown ERGIC58 
(Wozniak and Allan, 
2006) 














KAP3 Golgi-ER vesicle Unknown KDEL receptor (Stauber et al., 2006) 
Unknown Early and late endosomes Unknown RAB4 & RAB7 
(Imamura et al., 2003; 
Bananis et al., 2004; 
Brown et al., 2005) 
None Recycling endosomes 
RIP11(RAB11FI
P5) RAN11 










Unknown Golgi apparatus Unknown RAB6 (Echard et al., 1998) 
KIFC3 













M6PR (Nakagawa et al., 2000) 
KIFC2 Unknown Early endosomes Unknown RAB4 (Bananis et al., 2004) 
KIF16B None Early endosomes Unknown 
Ptdlns(3,4,5)P3, 
EGF, EGF receptor 
& RAB5 
(Hoepfner et al., 2005) 
KIF4 
None Not applicable Unknown PARP1 (Midorikawa et al., 2006) 
Unknown Vesicles Unknown L1 (Cole et al., 1998; Peretti et al., 2000) 
Intraflagellar transport 
KIF3A or 
KIF3B KAP3 IFT complex Unknown 
Complex A, crumbs 
3, PAR3, PAR6 & 
aPKC 
(Cole et al., 1998; Ou 




n IFT complex Unknown 
Complex B & 
CNGB1b 
(Ou et al., 2005; 




Table 1.2: List of cargoes transported by kinesin superfamily proteins. 
This list is adapted from(Hirokawa et al., 2009) with modifications. AP-1, adaptor protein complex 1; APC, 
adenomatous polyposis coli; aPKC, atypical protein kinase C; APOER2, apolipoprotein E receptor 2; 
APP, β-amyloid precursor protein; ATG1, autophagy-related 1; BIG1, brefeldin A-inhibited guanine 
nucleotide exchange protein 1; CNGB1b, cyclic nucleotide-gated channel-β1b; CRMP2, collapsin 
response mediator protein 2; DENN/MADD, mitogen-activated protein kinase-activating death domain; 
DISC1, disrupted in schizophrenia 1; DLG, Discs large; EGF, epidermal growth factor; ER, endoplasmic 
reticulum; ERGIC58, ER–Golgi intermediate compartment 58 kDa; FMRP, fragile X mental retardation 
protein; GAKIN, guanylate kinase-associated kinesin; GluR, AMPA (α amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid)-type glutamate receptor; GRIP1, glutamate receptor-interacting protein 1; 
hnRNP-U, heterogeneous nuclear ribonucleoprotein U; IFT, intraflagellar transport; JIP, JUN amino-
terminal kinase (JNK)-interacting protein; KAP3, KIF-associated protein 3; KBP, KIF1-binding protein; 
KLC, kinesin light chain; Kv4.2, voltage-gated K+ channel 4.2; LAMP2, lysosome-associated membrane 
protein 2; LIS1, lisencephaly 1; M6PR, mannose-6-phosphate receptor; mRNP, messenger 
ribonucleoprotein; NF, neurofilament; NR2B, NMDA (N-methyl-d-aspartate)-type glutamate receptor 2B; 
PAR, partitioning defective; PARP1, poly(ADP-ribose) polymerase 1; PtdIns(3,4,5)P3, 
phosphatidylinositol-3,4,5-trisphosphate; PtdIns(4,5)P2, phosphatidylinositol-4,5-bisphosphate; Pur, 
purine-rich element binding protein; RanBP2, Ran-binding protein 2; RIP11, RAB11-binding protein; 






Figure 1.1: Diagram of different domains of the ZBP1 protein.  
This diagram is adapted from (Farina et al., 2003) with some modifications, representing 2 RRM domains 




Figure 1.2: Schematic representation of putative motifs of PAT1 and Kinesin Light Chain (KLC). 
This schematic representation is taken and adapted from (Zheng et al., 1998) (top), and (Gao and 
Pimplikar, 2001) (bottom) and changed by Yung-Hui Kuan. PAT1, a 585 amino acids protein, has a 35 
amino acids sequence that is predicted to form a coiled-coil domain and four tetratricopeptide repeat 





Figure 1.3: PAT1 is a KLC-like protein that has conserved domains.  
Two mouse KLCs (KLC1 and KLC2) are shown for comparison at the bottom. Amino acids sequence 


















2.1. Mice and cultures 
FVB/129 mice were kept in a controlled environment, and all procedures were approved by the 
Institutional Animal Care and Use committee and housed in the AAALAC approved Hunter College 
animal facility. Low-density dissociated neuronal cell culture from P0 (postnatal) mice were prepared as 
described (Dictenberg et al., 2008), with some modifications. Hippocampi from 5-7 pups were pulled 
together, digested with trypsin for 15 minutes and dissociated in plating medium (MEM, 10% FBS, 10 mM 
HEPES, 33 mM glucose) and plated at low density (25,000 cells/cm2) on poly-L-Lysine-coated (0.1 mg/ml) 
coverslips. Two hours after plating, coverslips were inverted from plating media to maintenance media 
(astrocytes-conditioned Neurobasal/B27/GlutaMAX). Cortices were digested with trypsin and DNase I, 
dissociated in plating media and plated at high density (150,000 cells / cm2) in poly-L-Lysine-coated (0.1 
mg/ml) 60 mm plates. Plating media was replaced with maintenance medium two hours after plating. 48-
72 hours after plating, AraC (1-β-D-arabinofuranosylcytosine) was added to a final concentration of 2.5 
μM to curb glial proliferation. Depending on the experimental application, cultures were transfected, fixed 
or harvested after 8-13 day in vitro (DIV). Based on the starvation and stimulation protocol (Zhang et al., 
2001a; Eom et al., 2003) with some modifications, neurons were treated with BDNF (50 ng/ml) for 1 hour 
and fixed in paraformaldehyde (4% PFA in 1 X PBS with 4% glucose) for 20 minutes at room temperature. 
2.2. Vector and siRNA transfection 
For transfection of HEK cells, LipoD293TM DNA in vitro Transfection Reagent (SignaGen® 
Laboratories, Rockville, MD) was used to deliver plasmid or siRNA, following provided protocol. If more 
than one plasmid were applied in one transfection, equal molar amount of each plasmid was mixed 
unless otherwise required. For vector transfection, total combinations of 8 μg of plasmids were 
transfected to a 10 cm dish. 40 pmol of siRNA was transfected per well of a 12 well plate. Using 
Lipofectamine 2000, following the provided protocol. Neurons were transfected at 5 or 8 DIV, 40 pmol of 
stealth siRNA or total combination of 1 μg plasmids were applied per well in 12 well plates containing 1 ml 
media. For dominant-negative ZBP1 experiments, either ZBP1 full-length or ZBP1 1-195 (dnZBP1) were 
transfected into neurons, PAT1 was co-transfected in one of the two dnZBP1 transfections to rescue the 




constructs) at the same time to identify transfection-positive neurons. For the co-transfection of PAT1-
RFP, MCP-GFP and β-actin 3’ UTR mRNA, a ratio of 1:1:8 (PAT1-RFP, MCP-GFP and β-actin 3’ UTR 
mRNA) was used. 
2.3. Construction, expression, and purification of recombinant proteins 
The recombinant GST-PAT1 fusion protein was constructed by inserting full-length mouse PAT1 
cDNA (NM_025825) into pGEX-6P-1 vector (GE Healthcare Life Sciences, Piscataway, NJ). 
Recombinant mouse ZBP1 or FMRP fused to MBP were constructed using the pMAL protein fusion and 
purification system (New England Biolabs, NEB, Beverly, MA); full-length mouse ZBP1 (NM_009951) or 
FMRP (NM_008031) cDNA were inserted into the pMALTM-c5X vector. 
pGEX-6P-1-PAT1, pMALTM-c5X-ZBP1 or pMALTM-c5X-FMRP was expressed in E. Coli BL21-
Gold strain cells (Stratagene, La Jolla, CA) and induced for recombinant protein expression by 30 mM 
IPTG at 15°C for overnight. Bacteria were harvested in extraction buffer (1 X PBS containing protease 
inhibitor  (PI), 1 mM DTT, 0.1 % Triton X-100, 2% glycerol, 850 mM NaCl and 10 mM EDTA) and lysed 
with ultrasonic processor. The Extract was applied to glutathione SepharoseTM 4 Fast Flow (GE 
Healthcare Life Sciences, Piscataway, NJ) or amylase resin (#E8021S, NEB, Beverly, MA) and eluted 
with extraction buffer containing 20 mM glutathione or maltose. Glutathione/maltose and extra salt in the 
elute were eliminated by further purification with GE Healthcare disposable PD-10 desalting columns (GE 
Healthcare Life Sciences, Piscataway, NJ). All recombinant proteins were checked with IRDye® Blue 
Protein Stain (LI-COR Bioscience, Lincoln, NB) and blotted with anti-GST and anti-MBP antibodies. 
2.4. In vitro GST pull-down experiment 
For the in vitro GST pull-down assay between GST-PAT1 and MBP-ZBP1 or MBP-FMRP, either 
2 µg of GST-PAT or 8.1 µg of GST (to acquire similar molar concentration) were bound to 20 µl of 
Glutathione SepharoseTM beads in binding buffer (1 X PBS with PI, 1 mM DTT, 0.1% Triton X-100, 2% 
glycerol, 150 mM NaCl and 10 mM EDTA). GST/GST-PAT1 protein immobilized beads were washed with 
the same binding buffer four times. Recombinant MBP-ZBP1 or MBP-FMRP were pre-incubated with 




PAT1 protein immobilized beads were exposed to 5 µg of pre-cleaned MBP-ZBP1 or MBP-FMRP for 2 
hours at 4°C rotating. Beads were washed with 10 beads volumes of binding buffer before resolved in 2 X 
SDS-PAGE loading buffer. After electrophoresis, gels were fixed in methanol and subject to blot and 
probed with anti-GST and anti-MBP antibodies.  
To prepare in vitro GST-PAT1 pull-down experiment from P0 brain lysate, 3 pairs of fresh cortices 
and hippocampi were homogenized into a final volume of 4 ml brain IP buffer (10 mM HEPES [pH 7.3], 
200 mM NaCl, 50 mM KCl, 30 mM EDTA, 1% Triton X-100, PI and RNase Inhibitor (RI) RI), and 
centrifuged at 3,000 X g for 10 minutes at 4°C to remove nuclei and debris. Supernatants were further 
centrifuged at 70,000 X g at 4°C for 2 hours; samples were pooled together and pre-cleared with 
glutathione SepharoseTM beads. The night before P0 brain lysate was prepared, 2 µg GST-PAT1 has 
bound back to glutathione SepharoseTM beads and rotated overnight, with PI and RI included. Glutathione 
SepharoseTM beads with GST-PAT1 were washed 3 X with brain IP buffer and rotated with P0 brain 
lysate for 2 hours at 4°C. At the end of IP, half of the glutathione SepharoseTM beads were used to detect 
ZBP1 and GST-PAT1; the other half was solved in trizol to recover mRNAs for reverse transcription and 
PCR. 
2.5. Immunoprecipitation (IP), western blot, and antibodies 
Different constructs were transfected or cotransfected into HEK cells for 36-48 hours per 
experiment. Prior to IP, cells were lysed in IP buffer (50 mM Tris-Cl [pH 7.3], 100 mM NaCl, 2 mM MgCl2, 
1 mM EDTA, 5% glycerol, 0.1% Triton X-100, PI and RI. RI was not added if not needed in ZBP1 PAT1 
interaction mRNA dependent experiment) on ice for 15 minutes, RNAse I was added and incubated for 1 
hour in ZBP1 PAT1 interaction experiment as needed. After 10 minutes of centrifugation (16,000 X g) at 
4°C, supernatants were precipitated by antibody-conjugated magnetic beads or antibody pre-incubated 
magnetic beads as per experiment required for 4-12 hours at 4°C. Precipitates were washed four times 
with 10 beads volume of IP buffer and resolved in 2 X SDS-PAGE loading buffer. Samples were run on 4-
12% gradient Bis-Tris gels. Gels were transferred to the nitrocellulose membranes with iBlot® 7-Minute 
Blotting System (Invitrogen, Grand Island, NY), and membranes were probed with different antibodies per 




IP between PAT1-FLAG and other GFP tagged proteins, ANTI-FLAG® M2 magnetic beads were used for 
IP PAT1-FLAG. The blots were probed with antibodies against FLAG and GFP to detect PAT1-FLAG, 
and other GFP tagged RBPs. For the IP between PAT1-GFP and different FLAG-tagged ZBP1 dominants, 
FL ZBP1-FLAG, 1-195 ZBP1-FLAG or 195-576 ZBP1-FLAG were cotransfected with PAT1-GFP, IP and 
blotting were performed as previously described with ANTI-FLAG® M2 magnetic beads. The blots were 
detected with antibodies against FLAG and GFP. For experiments between ZBP1-FLAG, PAT1-GFP, and 
KLC-HA triple protein system, either GFP or PAT1-GFP were cotransfected with ZBP1-FLAG plus FL 
KLC-HA and precipitated with ANTI-FLAG® M2 magnetic beads, the blots were detected with antibodies 
against FLAG, GFP, and HA. To prove that 1-195 ZBP1-FLAG works in a dominant negative way, FL 
ZBP1-FLAG or 1-195 ZBP1-FLAG were cotransfected with FL ZBP1-GFP; cell lysate was precipitated 
with ANTI-FLAG® M2 magnetic beads; blots were detected with antibodies against FLAG and GFP. 
Antibodies to FLAG (mouse, clone M2; rabbit, clone SIGI-25), HA (mouse, clone HA-7; rabbit, H 6908), 
GFP (rabbit, clone ab290; mouse, clone 8362-1), GST (mouse, clone sc-138), MBP (rabbit, sc-808)  and 
tubulin (mouse, DM1A, Sigma)  were used for detection per experiment required. 
2.6. Reverse transcript-PCR of β-actin mRNA and semi-Q RT PCR of PAT1 mRNA 
For the detection of β-actin mRNA from the mouse brain in vitro GST pull-down experiments, 
mRNAs were extracted from glutathione beads with Trizol. mRNA pellets were resuspended in RNAse 
free water and reverse transcribed, followed by PCR using β-actin primers (product 200 bp). For PAT1 
knock-down experiments, PAT1/control siRNA treated neuronal lysates were made, followed by mRNA 
extraction with Trizol as described before; RT-PCR was performed with PAT1 primers (product 200 bp). 
The same procedures were carried out for PAT1 expression experiments with P7 and P14 mouse brain 
lysates. For RT-PCR, 1 μg RNA was used for each sample, and either oligo-dT or random hexamer 
primers were used. The concentration of mRNA and cDNA were determined by UV-spec (Nanodrop). 
Expression of PAT1 in adult mice brain was taken from the Allen Brain Atlas (Entry no. 583841) at P56.  




Immunofluorescence was performed as described (Antar et al., 2004). For endogenous staining, 
neurons were typically fixed at DIV 7-9. Neurons were fixed in 4% PFA 24-48 hours after vector 
transfection, or 72 hours after siRNA transfection. After fixation, the cell membranes were removed with 
PBST (1X PBS with 0.1% Triton X-100), and was blocked with PBSAT (PBST with 3% BSA); primary and 
secondary antibodies were diluted in blocking buffer; after staining, coverslips were mounted on micro 
slides with ProLong® Gold antifade reagent overnight before any images were taken. Antibodies against 
ZBP1 (rabbit) were obtained (gift, R. H. Singer, Albert Einstein College of Medicine). Antibodies against 
PAT1 were obtained (gift, S. Pimplikar, Case Western Reserve University). Antibodies against APP 
(mouse, 5A3-1G7), MAP2 (mouse, clone HM-2, sigma; rabbit,  AB5622, Millipore), synapsin I (rabbit; S 
193, Sigma), Vglut1 (rabbit, BNP1, Synaptic Systems, Germany), Vgat (rabbit, 131002, Synaptic Systems, 
Germany), KHC (mouse, H2, Chemicon), KLC (mouse, L2, Chemicon), KinII (mouse, K2.4, Covance), 
FMRP (mouse, MAB2160, Chemicon) and tubulin (mouse, DM1A, Sigma) were used as primary 
antibodies. F-actin was labeled with Alexa-488, 546 or 647-conjugated phalloidin and DAPI was from 
Invitrogen. BLOCK-iTTM Fluorescent oligonucleotides were from Invitrogen and were used to analyze the 
delivery of PAT1 siRNA into hippocampal neurons. Vybrant® CM DiI cell labeling solution from Molecular 
Probes was used to visualize the cell membranes. Alexa Fluro® 488, 546 or 647 goat anti-mouse and 
rabbit IgG (H+L) (Invitrogen) were used as secondary antibodies.  
FISH was performed based on the protocol described (Bassell et al., 1998; Dictenberg et al., 
2008). DNAsis and Oligo 6 were used to design FISH probes. Probes against mouse 𝛽𝛽-actin, GABA-A-R-
𝛿𝛿 and CaMKII𝛼𝛼 mRNAs were designed as described (Dictenberg et al., 2008). FISH was performed as 
described (Antar et al., 2004), sense or scrambled probes were used as negative controls. 30 ng of 
probes and 15 ng of control probes were used for each coverslip, and incubated at 37°C for 5 hours 
before washing and mounting to cover glasses. If both IF and FISH were applied to the same simples, IF 
was done ahead of FISH following the same protocol described above. Another 20 minutes of 4% PFA 
fixation is required after IF, before any FISH procedure was carried out. 




3-D SIM images were acquired on a Nikon SIM-TIRF microscope with a 100 X 1.49 NA Apo TIRF 
oil lens (Nikon) using 488 and 561 laser lines to image ZBP1, PAT1, APP and FMRP in dendrites. Images 
were acquired with a multi-mode optical fiber and a 100 EX V-R diffraction grating block, and 15-frames in 
each channel were captured with 0.1 μm steps in Z, and a pixel size of 64 nm on an Andor 897 EM-CCD. 
The raw images were reconstructed using a structured illumination contrast of 1, an apodization filter of 
0.3, and a 3D SIM filter width of 0.03. Following PSF reconstruction to obtain a full width half maximum 
(XY lateral resolution) of ~100 nm. 
2.9. Quantification Analysis of Fluorescence images 
All images for quantification (unless noted) were captured using 0.1 μm Z-steps in 3-dimensions 
on a Nikon ECLIPSE TE200-U inverted fluorescence microscope with a 60 X 1.40 Oil Plan Apo VC lens. 
NIS-elements Software (Nikon, Inc) was used to analyze restored images in 3D. All images were taken 
using NIS-elements and deconvolved with AutoQuant (Media Cybernetics). Restored images were 
analyzed as described (Tiruchinapalli et al., 2003). Fluorescence quantification of dendrites was 
performed in an unbiased way by looking for all MAP2-positive dendrites (or DIC for other parameters) 
and auto-capturing them after verification of normal morphology. Images were all acquired with the same 
settings using NIS-Element. By defining a region of interest, the total fluorescence was acquired and 
normalized by ROI area or length. Typically 2-4 dendrites were taken from each neuron, mostly from 
secondary or tertiary dendritic segments, and if not, at least 20 µm away from the body. All images were 
subtracted background from a region on the coverslips outside of the cell. Histograms of all legends show 
average values with error bars reflecting the standard error, and statistical significances were acquired 
from unpaired Student’ t-test. 
2.10. Dendritic filopodial protrusion density and synapse analysis 
The cultured neurons used for quantification were cultured for 1-2 weeks. At this points, there are 
two subpopulations of spines based on morphology. "Headless" spines take 50% of the spine population 
and are equal in length to the spines with heads (Papa et al., 1995). These are referred as filopodial 




(Papa et al., 1995). For simplification and normalization between treatments,  the term dendritic filopodial 
protrusion is used here to quantify spines without heads (Eom et al., 2003). Quantification was performed 
as described (Dictenberg et al., 2008). For PAT1 knockdown experiments, 72 hours after PAT1/control 
siRNA transfection, cultures were fixed and stained with Vybrant® CM DiI cell labeling solution. Dendrites 
were chosen randomly from a series of neurons, mostly secondary and tertiary dendrites, if not, at least 
20 µm away from the cell body. Quantification of filopodial protrusion density was performed by dividing 
the total number of protrusions from one segment by the length of the dendrite and then averaged for the 
group. For the dominant-negative ZBP1 experiment, neurons were transfected with different combinations 
of vectors at DIV 6-8 as described in Vector and siRNA transfection. 48 hours after transfection, neurons 
were fixed with 4% PFA for 20 minutes and stained with MAP2 and phalloidin. MAP2 staining was used to 
select dendrites randomly. Protrusion density of each dendrite was acquired and averaged for the group. 
For synapse density experiments, PAT1/control siRNA or full-length/1-195 ZBP1 and full-length PAT1-
FLAG construct were transfected into neurons per experiment required as described in Vector and siRNA 
transfection. After fixation, neurons were stained with MAP2 and synapsin antibodies. Based on the same 
random secondary/tertiary standard, dendrites with positive MAP2 staining were selected. By threshold of 
synapsin staining, eligible positive puncta were counted, divided by the length of the dendrites, and 
averaged by the group. Student’s t-test was performed for statistical analysis. 
2.11. Morphological assay, colocalization analysis, and Imaris 
For morphological assays, filopodial protrusion length was measured in Imaris (Bitplane Scientific 
Software) using the filament tracer module. Reconstructions of filopodial protrusion lengths were exported 
to excel, and only filopodial protrusions longer than 1 µm were taken for quantification and statistical 
analysis. For colocalization assays, fluorescence images were analyzed using the colocalization module. 
Volumes were created for each channel (ZBP1, PAT1, and APP) before colocalization channels were 
created. “Spot” views were created for each channel (ZBP1, PAT1, and APP) based on volumes and 
colocalization channels, and spot distances between different channels were calculated by Imaris; only 
spot pairs with adjacent distance < 0.2 μm were shown. Pearson’s correlation coefficient was obtained in 




FMRP). Histograms of all legends show average values with error bars reflecting the standard error, and 
the statistical significances were acquired from unpaired Student’s t-test. 
2.12. Live cell imaging of PAT1/ZBP1 and dendritic growth cone dynamics 
For live cell observation of PAT1, ZBP1 and β-actin mRNA transport, different combinations of 
plasmids were applied. To observe PAT1 transport, mCherry-PAT1 or PAT1-tagRFP was transfected into 
mouse primary hippocampal neurons. mCherry-PAT1 and GFP-ZBP1 were cotransfected into mouse 
primary hippocampal neurons to observe ZBP1-PAT1 co-transport. For the observation of PAT1 and β-
actin mRNA co-transport, MCP-GFP and β-actin 3’ UTR-MS2 were used to track β-actin mRNA granules, 
and PAT1-tagRFP was co-transfected. Mouse primary hippocampal neurons were plated in chambered 
coverglass and imaged 12-16 hours after transfection. Chambers were kept at 37°C during the 
experiment, CO2 and humidity were maintained with TOKAI HIT microscopy closed stage incubation 
system, and images were acquired with a Nikon Eclipse Ti inverted microscope. Images were converted 
into videos using NIS-elements software (Nikon). For dendritic growth cone dynamic experiments, 
dissociated hippocampal cultures in chambered coverglass (Thermo) were transfected with PAT1 stealth 
siRNA at DIV 1 and imaged 72 hours after. 2 hours before the experiment, the complete medium in 
chambers was replaced with fresh neurobasal without supplement. Cultures were stimulated with BDNF 
for 1 hour before any images were taken. A 60X PlanApo TIRF 1.49 NA lens was used with a 1.5 X built-
in magnifier (total magnification of 90X), images were taken every 1 minute for 30 minutes. DIC images 
were captured and analyzed using NIS-Element. The dendritic growth cone filopodial length was 
measured from the central domain out to the tip of each filopodium on the dendritic growth cone (only 
those > 2 μm were counted), and the length of the filopodia on dendritic growth cones was averaged. 
Every 5 minutes, the number of filopodia on one dendritic growth cone was counted from t = 0, and at 
each point, the filopodia number of each dendritic growth cone were averaged. Finally, five sets of data 













Chapter 3 ZBP1 interacts with  





As described in the introduction, local protein translation is dependent on motor-based mRNA 
transport, but the mechanism behind this process is still unclear. Conventional kinesin (Bowman et al., 
2000) is believed to transport dendritic mRNAs, and is known to associate with many RBPs (> 42, 
including Pur-α, Staufen, FMRP and TLS) as well as with many mRNAs including CaMKIIα and Arc 
mRNAs to form large complexes (> 1000 s) (Kanai et al., 2004). However, the molecular interaction 
between mRNAs, RBPs, and other components of the motor complex in vertebrates remains unclear, as 
no evidence has been shown to support that there is a direct binding between them. The β-actin/ZBP1 
complex is an abundant cellular granule that transports β-actin mRNA from soma to dendrites when 
neurons are stimulated by neurotrophins or in response to NMDA receptor activation (Zhang et al., 2001a; 
Tiruchinapalli et al., 2003). 
To unveil the molecular mechanism behind the motor-dependent active transport of β-actin 
mRNA in dendrites, and how does BDNF signaling pathway regulates this transport, many experiments 
were carried out to reveal the interaction between β-actin mRNP and kinesin motor. A protein linker was 
proposed to act as a mediator between ZBP1, one component of the β-actin mRNP, and the light chain of 
kinesin. PAT1 was identified as the target linker from mouse fetal brain library by yeast two-hybrid assay 
with ZBP1 as bait. The interactions between ZBP1, PAT1, and KLC were studied by co-IP, in vitro binding 
assay, immunostaining, and domain mapping. The colocalization between PAT1, ZBP1 and KLC and how 
does BDNF affect this colocalization were studied by immunostaining. Live cell imaging technology was 
used to observe the transport of PAT1, co-transport of ZBP1 and PAT1, and co-transport of PAT1 and β-
actin mRNA in hippocampal neurons. 
3.1.  PAT1 is a potential protein linker between RBP and motors 
ZBP1, a well-characterized RBP, binds to a conserved 54 nt zipcode in β-actin mRNA and was 
chosen to be the candidate to investigate its direct or indirect interaction with motor proteins. In previous 
experiments (Dictenberg, unpublished), ZBP1 was shown to be sharply reduced in dendrites and 
aggregated in the cell body after brief depolymerization of microtubules in cultured primary mouse 
hippocampal neurons. However, when actin polymerization dynamics were disturbed by latrunculin, the 




ZBP1 associates with microtubules in a nucleotide-dependent manner, consistent with the idea that motor 
protein is linking ZBP1 to microtubules (Supplemental Figure 6.1 C). This assay also demonstrated that 
the application of ATP releases motor proteins from microtubules and leads to ZBP1 dissociation. In 
contrast, AMP-PNP (non-hydrolyzable ATP) or ATP depletion stabilizes ZBP1 to microtubules. In 
immunofluorescence images, the staining of ZBP1 distributes along microtubules, in growth cones, as 
well as the actin-enriched peripheral zone of neurons (Supplemental Figure 6.1 D). The 
immunofluorescence images also proved that ZBP1 colocalizes with both KHC and KLC in dendrites 
(Figure 3.1 A, B) and accumulates in the distal tips of developing neurites from hippocampal neurons 
(Supplemental Figure 6.1 D inset). 
To identify the molecular linker between ZBP1 and motor proteins, an unbiased screen of mouse 
fetal brain library was performed by yeast two-hybrid assay with ZBP1 as the bait. Several positive clones 
revealed an interaction between ZBP1 and PAT1, which stimulates kinesin motility through an unknown 
mechanism in Drosophila (Loiseau et al., 2010). The N-terminus of ZBP1, which contains two conserved 
RRM domains in tandem but has not been implicated in any specific molecular interaction, showed a 
positive association with PAT1; however, the C-terminus of ZBP1, which contains four KH domains, 
shows no interaction with PAT1. Furthermore, ZBP1 was shown to be negative for direct interaction with 
both KLC and KHC, although ZBP1 was observed to co-IP and co-transport in granules with both KHC 
and KLC, suggesting that the interaction could be indirect. Another KH-domain-containing RNA-binding 
protein, PTB, which served as a control in this yeast two-hybrid assay, showed no interaction with PAT1 
or ZBP1(Supplemental Table 6.1). 
3.2. PAT1 is a highly conserved KLC-like protein that is a direct adaptor between KLC and 
ZBP1 
To characterize the PAT1-ZBP1 interaction, the amino acid sequence of PAT1 was analyzed. 
The result showed that PAT1 is highly similar to KLCs (KLC1 and KLC2) (Figure 1.2 and Figure 1.3). KLC 
has two distinct protein interaction domains, a heptad repeat (HR, coiled-coil) domain, and a 
tetratricopeptide repeat (TPR) domain. The HR domain is required for KLC interaction with the tail of KHC, 




2001; Verhey et al., 2001). It was reasoned that PAT1 might act like a KLC subunit of kinesin to facilitate 
mRNA granule transport by binding directly to KHC, as observed in Drosophila (Loiseau et al., 2010). 
Indeed local alignment tools and conserved amino acids comparisons showed that mouse PAT1 is highly 
similar to both mouse KLC1 and KLC2 (Figure 1.3). PAT1 HR domain is 54-60% similar to KLC1/2 HR 
domains (and 26-28% identical), while the TPR domains are 59-62% similar (and 30-32% identical). 
However, PAT1 is divergent, since KLC1/2 comparison shows 86% similarity to each other within the TPR 
domains (81% identity) and 77% similarity within the HR domains (57% identity) (Figure 1.3). 
To test whether PAT1 serves as a novel kinesin subunit, PAT1 and KHC fusion proteins were 
overexpressed in cell lines. However, several experiments failed to show a KHC and PAT1 binding by co-
IP analysis under conditions where KLC was positive for KHC binding (Supplemental Figure 6.2 A). In an 
independent yeast two-hybrid screen for KLC interacting proteins, PAT1 was found to interact with KLC 
under the same conditions in which PAT1 was positive for ZBP1 binding (Supplemental Table 6.1). All 
analysis confirmed that the KHC domain of kinesin comprising the KLC association region, amino acids 
692-833, bound to KLC as expected but did not bind to PAT1. The co-IP analysis in cell lines confirmed 
that full-length PAT1 bound to KLC through the TPR domain of KLC (Figure 3.2A). Also, the PAT1 HR 
domain could interact with both the full-length and TPR domain of KLC (Figure 3.2B). Furthermore, co-IP 
of endogenous KHC was able to pull down full-length PAT1 in the presence of full-length KLC but not in 
the presence of only the HR domain of KLC (Supplemental Figure 6.2 A), suggested that the HR domain 
of KLC binds KHC but lacks the TPR domain and therefore cannot attach to PAT1. It was clear that the 
HR domain of PAT1 binds to KLC and does not interact with ZBP1 full-length or its domains (Figure 3.3A). 
Together these data showed that the N-terminus of ZBP1 associates with PAT1 and that the HR domain 
of PAT1 interacts with the cargo-binding TPR domain of KLC. 
3.3. ZBP1 interacts with Kinesin-I through PAT1 
Data from the co-IP analysis confirmed that the full-length ZBP1 interacts with full-length PAT1 
(Supplemental Figure 6.2B). Further analysis of this interaction revealed that the presence of mRNA is 
required (Figure 3.3B) and that this is specific to ZBP1, as PAT1 did not associate with several other 




and ZBP1 proteins interact directly in vitro (Figure 3.3 D), albeit with lower affinity than in cells, possibly 
due to improper folding, or the lack of mRNA, which is required for their interaction (Figure 3.3B). Purified 
recombinant FMRP did not appreciably bind to PAT1 (Figure 3.3D). The recombinant PAT1-GST fusion 
protein was able to precipitate endogenous ZBP1 and β-actin mRNA from brain lysate (Figure 3.3E). Co-
IPs were performed with separate domains of ZBP1. PAT1 was able to bind both the full-length ZBP1 and 
the N-terminus 1-195 amino acids of ZBP1 which contain the two RRM domains (Figure 3.3F). The N-
terminus of ZBP1 showed reduced binding to PAT1 compared to the full-length ZBP1, likely due to the 
absence of the RNA-binding domains. In contrast, the C-terminus of ZBP1 (amino acids 196-576), 
showed no appreciable binding to PAT1. These results suggested a novel direct interaction exists 
between ZBP1 and PAT1 within a kinesin motor complex.  Base on all the data stated previously, PAT1 
connects the ZBP1 complex to KLC, such that lack of PAT1 should abolish the interaction between ZBP1 
and KLC. Indeed expected results were observed showing that co-IP of KLC with ZBP1 was dependent 
on PAT1 co-expression (Figure 3.4). 
3.4. PAT1 transports with ZBP1 in dendritic shafts and dendritic growth cones 
The expression of PAT1 in mouse brain was analyzed by semi-quantitative PCR, and the results 
showed that PAT1 is expressed throughout the entire brain although with relatively lower levels within 
specific brain regions at P7, but was markedly enriched in both hippocampus and cortex at P14 as well as 
in the adult brain (Figure 3.5). Punctuated PAT1 staining was found in the cell body and dendritic shafts, 
as evinced by co-staining with MAP2 (a dendritic marker), both in developing and mature hippocampal 
neurons (Supplemental Figure 6.3 A, and Figure 3.6A). Interestingly, PAT1 is also present in growth 
cones filopodia of developing dendrites, sites of highly dynamic actin filaments. PAT1 co-staining with tau 
protein in both axonal and dendritic growth cones of developing neurons but is not abundant in 
developing axonal shafts (Supplemental Figure 6.3 B). Immunofluorescence images showed that ZBP1 
and PAT1 colocalize along MAP2-positive secondary and tertiary dendrites in mature, cultured neurons 
(Figure 3.6 B). To obtain a molecular view of the ZBP1 and PAT1 interaction in situ, we used super-
resolution structured illumination microscopy (Zaessinger et al.), which revealed that PAT1 and ZBP1 are 




correlation value significant at 0.45; p < 0.001 by t-test, n = 12 cells, 3-4 dendrites per cell). APP, a 
proposed PAT1 cargo in non-neuronal cells, showed low colocalization with PAT1 (Pearson’s correlation 
value not significant at 0.25 for APP, Figure 3.7; p > 0.1 by t-test, n = 10 cells, 3-4 dendrites per cell). We 
tested whether BDNF stimulation can affect the colocalization between PAT1 and ZBP1 since ZBP1 is 
known to transport with β-actin mRNA into axons in response to BDNF treatment (Welshhans and Bassell, 
2011). Upon stimulation, it was observed that both ZBP1 and PAT1 levels significantly increased in 
dendrites (Figure 3.8; *p < 0.05 by t-test for ZBP1, **p < 0.01 by t-test for PAT1, n > 43 cells, 2-3 
dendrites per cell). Importantly, there was also a strong increase in the 3D colocalization of ZBP1 with 
PAT1 (Figure 3.8; ***p < 0.001 by t-test, n > 33 cells, 2-3 dendrites per cell). PAT1 colocalizes with KLC 
(Figure 3.9; ***p < 0.001 by t-test, n > 20 cells, 2-3 dendrites per cell) in hippocampal dendrites. However, 
a distinct kinesin isoform in dendrites, Kinesin-II showed little colocalization with PAT1 (Figure 3.9; p > 0.4 
by t-test, n = 12 cells, 3-4 dendrites per cell). 
Tracking mRNA particles in the COS cell cytoplasm indicated that the movement could be 
diffusive, static, corralled, and directed, with diffusive motions (Fusco et al., 2003). Fluorescent proteins 
are predominantly used for labeling mRNA (Qian, 2000; Tyagi, 2009). Visualization of specific mRNA has 
been typically achieved through the microinjection of fluorescently labeled RNAs (Ainger et al., 1993; 
Serge et al., 2008) or an alternate technique that labels the endogenous mRNA. The MS2-labeling 
technique (Bertrand et al., 1998) has been used here. The MS2 system expresses mRNAs that contain 
24 MS2 stem loops, to each of which a dimer of GFP-MS2 coat proteins (GFP-MCP) specifically binds to. 
24 copies of the MS2 binding sites binding up to 48 GFP-MCP are sufficient for tracking (Fusco et al., 
2003; Shav-Tal et al., 2004). To track granules, it is essential to get high sensitivity during the detection 
and fast image acquisition. First, the camera exposure time needs to be optimized for detection. Once the 
camera is set for the highest signal-to-noise-ration, the exposure time must be long enough but not too 
long for mobile particles. Secondly, a high frame rate is preferred to track the trajectory of mobile particles. 
It is an import that the displacement during the time interval should be less than half the spatial resolution. 
Last but not least, a sufficient range is critical to determine the movement or directions of mobile particles 




expressed in hippocampal neurons. PAT1 traffics rapidly in both the anterograde and retrograde 
directions in dendrites, at an average rate of ~1 μm per second, similar to speeds reported for Kinesin-I 
and associated cargoes, as well as for ZBP1 in dendrites (Tiruchinapalli et al., 2003)(Figure 3.10 A, 
Movie 3.1). The transport of PAT1-mRFP was confirmed with different constructs of PAT1 fused to Cherry 
or GFP (Figure 3.11 A, Movie 3.2 and Movie 3.3). Strikingly, dual expression of ZBP1-GFP and PAT1-
RFP showed granules colocalization that moved in the anterograde and retrograde directions together, 
and some that oscillated without significant displacement or were stationary (Figure 3.10 B and Figure 
3.11 B, Movie 3.4 and Movie 3.5), consistent with kinesin and dynein-mediated transport. Note that some 
stationary ZBP1 granules contain PAT1 while some do not; also some PAT1 granules do not contain 
ZBP1 yet they move in dendrites, possibly with other unlabeled ZBP1/mRNA cargoes or other mRBPs. 
These traffic data showed that PAT1 and ZBP1 work together in transporting mRNA granules in dendrites, 
and their co-transport is increased in response to BDNF signaling. During the video of ZBP1 and PAT1 
co-transport, an interesting observation was made, where the co-transported ZBP1 (GFP) and PAT1 
(cherry) granule split into two separate granules with only one fusion protein in each granule (Movie 3.4). 
In this video, it seems like that ZBP1-GFP and PAT1-Cheery can form granules by them with only one 
kind of fusion protein inside, which can separate and merge at a very high frequency. However, this result 
turned out to be an experimental artifact, due to the delay of camera exposure and fluorescent shuttle 
exchange, supported by the fact that the frames captured when ZBP1-PAT1 granule is trafficking at high 
speed showed separate ZBP1-GFP granule and PAT1-cherry granule, while the frames captured when 
ZBP1-PAT1 granule is trafficking at low speed showing merged ZBP1-PAT1 granule (Figure 3.11 C), 
which suggests that the granules seemed to be splitting because the granule was traveling faster than our 
acquisition time. 
As an RBP, ZBP1 is a component of β-actin mRNP. ZBP1 recognizes a 54 nt zipcode in the 3' 
UTR of β-actin mRNA and regulate the interaction between the β-actin mRNP and kinesin motor. Our 
data suggested that ZBP1 binds to microtubules and the disruption of the microtubule cytoskeleton 
results in ZBP1 aggregation in cell bodies. Immunofluorescence data between ZBP1 and kinesin domains 




bait in a yeast two-hybrid assay. PAT1 was identified as a potential protein linker between ZBP1 and KLC. 
The Co-IP data indicated that PAT1 interacts with the N-terminus of ZBP1 while the HR domain of PAT1 
interacts with the TPR domain of KLC. The colocalization and interaction between KLC and ZBP1 we 
observed previously requires the presence of PAT1 as the mediator between ZBP1 and KLC. The 
interaction between PAT1 and ZBP1 was verified under many conditions. Co-IP between PAT1 and some 
other RBPs such as FMRP, staufen, and dendrin suggested that the interaction between PAT1 and ZBP1 
is specific, and it was proved by in vitro binding assay between recombinant expressed GST-PAT1, MBP-
ZBP1, and MBP-FMRP. The interaction between ZBP1 and PAT1 is β-actin mRNA dependent, as proved 
by RNase I treated co-IP experiment. The in vitro binding assay also showed that recombinantly 
expressed  GST-PAT1 binds to endogenous ZBP1 and β-actin mRNA from fetal mouse brain lysate. 
ZBP1 and PAT1 colocalize within dendrites, and this can be stimulated by the application of BDNF. With 
live-cell imaging technology, PAT1 granules were observed in hippocampal neurons. PAT1, ZBP1, and 
fluorescent β-actin mRNA were observed co-transport together within hippocampal neurons as granules. 
This is the first observation of a mRNA and its binding protein in transport with a motor adapter protein in 
living cells.  
Previous experimental data provide a certain understanding of the role of PAT1 in the 
microtubule-dependent motor mediated active transport of β-actin mRNA at the molecular level, but many 
aspects remain poorly understood, such as the regulation of PAT1/ZBP1 binding. It is also curious to 
explore the function of PAT1 at cellular level such as its function in neuronal development, especially 






Figure 3.1: ZBP1 interacts with both KHC and KLC. 
Immunofluorescence images show that ZBP1 (A, B, red) colocalizes with both KHC (A, green) and KLC 
(B, green) in dendrites (identified by MAP2 staining, not shown, 8 DIV). Scale bar = 5 μm. At least 3 
repeats were done independently for this experiment. 
 
 
Figure 3.2: The interactions between PAT1 domains and KLC domains 
(A) PAT1 interacts with the TPR domain of KLC. Full-length PAT1-FLAG was cotransfected into HEK293 
cells with full-length KLC-HA (KLC-FL lane 1 and 4), the HR domain of KLC-HA (KLC-HR, lane 2 and 5) 
or the TPR domain of KLC-HA (KLC-TPR, lane 3 and 6). PAT1-FLAG was precipitated, western blots 
(WB) were performed with anti-HA (upper 2 panels) or anti-FLAG (lowest panel) antibodies. At least 3 
independent repeats were done for this experiment. 
(B)The HR domain of PAT1 interacts with the TPR domain of KLC. HR-PAT1-GFP (PAT1-HR) was 
cotransfected into HEK293 cells with full-length KLC-HA (KLC-FL, lane 1 and 4), the HR domain of KLC-
HA (KLC-HR, lane 2 and 5) or TPR domain of HA-KLC (KLC-TPR, lane 3 and 6). HR-PAT1-GFP was 
precipitated, ran on SDS-PAGE. Western blots (WB) were performed with anti-GFP (lowest panel) or anti-










Figure 3.3: ZBP1 associates with PAT1 in various conditions  
(A) The HR domain of PAT1 (amino acids 1-350) does not interact with ZBP1. The HR domain of PAT 
(input and pellet, PAT1-HR) and ZBP1 (ZBP1 pellet, ZBP1 FL, ZBP1 195-576 and ZBP1 1-195, FLAG-
tagged, lower 2 panels) are shown. Immunoprecipitation of ZBP1-FLAG (lower 2 panels; FL, lane 1; N-
terminus, amino acids 1-195, lane 2; C-terminus, amino acids 196-576, lane 3) does not interact with the 
HR domain of PAT1 (lane 4, lysate).   
(B) The interaction between ZBP1 with PAT1 requires mRNA. ZBP1-GFP was transfected with PAT1-
FLAG into HEK293 cells (P/Z).) antibodies in the absence (-) or presence (+) of RNAse. (Left panel) Input 
is transfected cell lysate loaded directly showing starting material. (Right panel) Immunoprecipitation was 
performed with anti-FLAG conjugated beads. Western blots (WB) were performed with anti-GFP (upper 
panels) and anti-FLAG (lower panels).ZBP1-GFP was observed in control (P/Z - RNase), but not after 
RNase treatment (P/Z + RNase). NT denotes non-transfected lysate; beads denotes beads + P/Z 
transfected lysate (no antibody). At least 6 independent repeats were done for this experiment. 
(C) PAT1 does not interact with Staufen (Stau), Dendrin (Den) or FMRP. Immunoprecipitations from 
HEK293 cells show that PAT1 does not interact with other mRNA-binding proteins. Western blots (WB) 
were performed on upper panels with anti-GFP antibody and lower panels with anti-FLAG antibody. (Left) 
Input from transfected HEK293 cell lysate: lane 1, ZBP1-GFP + PAT1-FLAG; lane 2, FMRP-GFP + PAT1-
FLAG; lane 3, Staufen-GFP + PAT1-FLAG; lane 4, Dendrin-GFP + PAT1-FLAG; lane 5, non-transfected 
(NT). (Right) Immunoprecipitates: lane 6, ZBP1-GFP + PAT1-FLAG (positive control); lane 7, FMRP-GFP 
+ PAT1-FLAG; lane 8, Staufen-GFP + PAT1-FLAG; lane 9, Dendrin-GFP + PAT1-FLAG; lane 10, beads 
+ non-transfected cell lysate (NT). At least 4 independent repeats were done for this experiment. 
(D). Recombinant PAT1 and ZBP1 form a protein complex in vitro. Western blots (WB) were performed 
with the anti-MBP antibody (upper panels) and anti-GST antibody (middle and lower panels). (Left) 
Inputs: lane 1, MBP-ZBP1 + GST; lane 2, MBP-FMRP + GST; lane 3, MBP-ZBP1 + GST-PAT1; lane 4, 
MBP-FMRP + GST-PAT1. (Right) Immunoprecipitates: lane 5, MBP-ZBP1 + GST; lane 6, MBP-FMRP + 
GST; lane 7, MBP-ZBP1 + GST-PAT1; lane 8, MBP-FMRP + GST-PAT1. At least 6 independent repeats 
were done for this experiment. 
(E) GST-PAT1 interacts with endogenous ZBP1 and β-actin mRNA from the brain lysate. Recombinant 
GST-PAT1 was used to analyze its association with endogenous ZBP1 and β-actin mRNA from mouse 
P1 brain lysate. (Left) Inputs, endogenous ZBP1 from brain lysate was detected by western blot (WB); 
(Right) Brain lysates from different treatments were applied to immobilized beads with the indicated 
proteins: GST only, GST-PAT1 or no protein control (Ct). The histogram shows the log (lg) percent of β-
actin mRNA associated with immobilized beads determined by RT-PCR from each immunoprecipitation. 
Input is at the far left lane; the amount of β-actin mRNA from each treatment is normalized by the input 
and transformed into log percent of input. At least 4 independent repeats were done for this experiment. 
(F) The 1-195 amino acids sequence at the N-terminus of ZBP1 interacts with PAT1. HEK293 cells were 
co-transfected with full-length PAT1-GFP and one of the followings: full-length ZBP1–FLAG (FL), N-
terminus of ZBP1-FLAG (1-195) or C-terminus of ZBP1-FLAG (195-576) and immunoprecipitated with 
anti-FLAG antibody. No denotes PAT1-GFP transfected cells only. (Left) Inputs: lane 1, PAT1-GFP; lane 
2, PAT1-GFP + ZBP1 FL; lane 3, PAT1-GFP + ZBP1 1-195; lane 4, PAT1-GFP + ZBP1 195-576. (Right) 
Immunoprecipitation pellets: lane 5, PAT1-GFP; lane 6, PAT1-GFP + ZBP1 FL; lane 7, PAT1-GFP + 
ZBP1 1-195; lane 8, PAT1-GFP + ZBP1 195-576. Western blots (WB) were performed with anti-FLAG 
antibody (lower panels) or anti-GFP antibody (upper panels). At least 4 independent repeats were done 






Figure 3.4: ZBP1 associates with KLC through PAT1.  
HEK293 cells were co-transfected with KLC-HA, ZBP1-FLAG and either GFP (lane 2, 4) or PAT1-GFP 
(lane 1, 3). Cell lysates were immunoprecipitated with anti-FLAG antibody. Western blots (WB) were 
performed with anti-HA (top panels), anti-GFP (middle panels) and anti-FLAG (bottom panels) antibodies. 
At least 6 independent repeats were done for this experiment. 
 
 
Figure 3.5: PAT1 expression increases during development and is highly expressed in mouse 
hippocampus and cortex during synapse development. 
Semi-quantitative RT-PCR was applied to measure endogenous PAT1 expression levels in P7 and P14 
mouse brain. Total mRNA from P7 and P14 mouse hippocampus (HC), cortex (CO) or whole brain (WB) 
were isolated, and 1 µg of total mRNA from each sample was reverse transcribed, following by PCR with 
PAT1 primers (upper panel). RT-PCR for β-actin mRNA was also performed in parallel as a loading 
control (lower panel). (Right) The Histogram shows the ratio of PAT1 mRNA to β-actin mRNA from 
different brain regions and developmental stages as indicated. At least 3 independent repeats were done 





Figure 3.6: PAT1 colocalizes with ZBP1 in distal dendrites. 
(A) Hippocampal neurons were cultured for 15 DIV and stained with PAT1 (green; lower image) and 
MAP2 (blue; upper image) to identify dendrites. Scale bars =10 μm. At least 3 independent repeats were 
done for this experiment.  
(B) PAT1 colocalizes with ZBP1 in distal dendrites in primary hippocampal cultures. Mouse primary 
hippocampal cultures were fixed at 12 DIV and subjected to immunostaining. PAT1 (red) is highly 
punctuated and colocalizes with ZBP1 (green) in dendrites (MAP2, blue), especially in secondary and 
tertiary segments (see arrows, lower image). The inset (lower image) shows a magnified view of the white 





Figure 3.7: 3-D SIM shows PAT1 and ZBP1 are significantly colocalized along dendrites.   
Hippocampal neurons (10 DIV) were stained for PAT1 and either APP (right, green) or ZBP1 (left green). 
Neurons were stimulated for 1 hour with BDNF and imaged using 3-D SIM. Segments of dendrites (white 
boxes, upper panels) were further analyzed for colocalized voxels (lower panels) in 3-D, displayed as 
maximum projection images (volume view). For points where both channels overlapped for each protein 
within 100 nm, a minimized spot was generated to show only those colocalized voxels that were further 
considered for automated statistical analysis. The histogram shows the Pearson’s coefficient of 
correlation analysis for PAT1/ZBP1, PAT1/APP, and PAT1/FMRP pairs. (n = 6-7 cells, 2-3 dendrites per 
cell, ***p < 0.001 by t-test, error bar, ± SEM). These experiments were repeated 6 times independently. 
 
Figure 3.8: BDNF stimulation significantly increases dendritic ZBP1 and PAT1 levels and their 
colocalization. 
Primary hippocampal cultures (10 DIV) were stimulated with BDNF for 1 hour and stained for PAT1 (red) 
and ZBP1 (green). Images were captured using 3-D SIM and shown as maximum intensity projections. 
Colocalization analysis was performed and compared between groups. The Histogram (left) shows 
Pearson's correlation analysis after BDNF stimulation (***p < 0.001 by t-test for Pearson’s correlation); the 
histogram (right) shows dendritic levels of ZBP1 and PAT1. (**p < 0.01 by t-test for PAT1, *p < 0.05 by t-
test for ZBP1, n > 33 cells, 2-3 dendrites per cell, error bar, ± SEM). Scale bar = 5 μm. These 






Figure 3.9: PAT1 colocalizes with KLC, but not Kin-II, in hippocampal dendrites.  
Primary hippocampal neurons were cultured for 8 DIV, fixed and stained for PAT1 (red) and KLC (top 
panel, green) or Kinesin-II (Kin-II, lower panel, green). The histogram shows the Pearson’s correlation 
coefficient for PAT1/KLC pair (***p < 0.001 by t-test, n > 20 cells, 2-3 dendrites per cell, error bar, ± SEM) 
and PAT1/Kin-II pair (p > 0.4 by t-test, n > 10 cells, 2-3 dendrites per cell, error bar, ± SEM). Scale bar =5 






Figure 3.10: PAT1 co-transports with ZBP1 in dendrites of primary hippocampal neurons.  
(A) Primary hippocampal neurons were cultured for 7 DIV, transfected with PAT1-mRFP and imaged with 
time-lapse video microscopy. (Left) Successive frames (every 4 s) show a PAT1 granule moves in the 
anterograde direction in dendrites. (Right) The granule was tracked for successive frames (every 1 s), 
velocities were calculated and plotted as positive displacements (anterograde). Scale bar = 2 μm. At least 
6 repeats were done independently for this experiment. 
(B) PAT1 and ZBP1 co-transport in dendrites of primary hippocampal neurons. Primary hippocampal 
neurons were cultured for 7 DIV, transfected with PAT1-cherry and ZBP1-GFP and imaged with time-
lapse video microscopy. (Left) Successive images (every 30 s) showing a PAT1-cherry and ZBP1-GFP 
colocalized granule moves in the anterograde direction, then in the retrograde direction, and continue in a 
saltatory manner moves in the dendrite. (Right) The granule was tracked for several minutes in 
successive frames, and velocities for each component (ZBP1 black, PAT1 grey) were calculated and 
plotted as positive displacements (anterograde) and negative displacements (retrograde). Scale bar = 2 










Figure 3.11: PAT1 transports in hippocampal neuronal dendrites as granules and co-transports 
with ZBP1 and β-actin mRNA. 
(A) Primary hippocampal neurons were transfected with PAT1-cherry at 6-7 DIV. Granule movements 
were imaged 18-24 hours later at 2.5 s per frame. Images on the left are three consecutive frames 
showing a moving PAT1-cherry granule (red, highlighted with an arrow). Granule velocity was recorded 
for 10 frames and plotted over time. Scale bar = 2 µm.  
(B) Primary hippocampal neurons were transfected with PAT1-RFP and ZBP1-GFP at 7 DIV. Granule 
movements were imaged 18-24 hours later at 2 minutes per frame. Images on the left are 3 consecutive 
frames showing PAT1-RFP (red, highlighted with arrows) co-transporting with ZBP1-GFP (green). 
Granule velocity was recorded for 15 frames and plotted over time. Scale bar = 1 µm.  
(C) PAT1 and ZBP1 co-transport in dendrites of primary hippocampal neurons. Primary hippocampal 
neurons were cultured for 7 DIV, transfected with PAT1-cherry and ZBP1-GFP and imaged with time-
lapse video microscopy. (Left) One frame from video captured in Figure 3.10 shows a PAT1, and ZBP1 
colocalized granule is moving at high speed. (Right) Another frame from the same video shows the same 
PAT1/ZBP1 colocalized granule is moving at a lower speed. Scale bar = 2 μm.  
(D) Primary hippocampal neurons were co-transfected with PAT1-RFP and β-actin MS2-MCP-GFP at 6-7 
DIV. Granule movements were imaged 18-24 hours later at 3 s per frame. Image panels on left are three 
consecutive frames (0 sec, top; 3 sec, middle; 6 sec, bottom) of both PAT1-RFP and β-actin MS2-MCP-
GFP channels (merge, left) as well as the individual channels for PAT1 (red, middle) and β-actin mRNA 
(green, right) granules. Blue arrows highlight two individual moving particles relative to one that does not 
move during the movie (red arrowhead). Scale bar = 2 μm. The histogram on the right shows the velocity 
(μm/sec) of a single particle that has a consistent trajectory over the course of the movie, with mostly 
anterograde (+) movements and some retrograde (-) movements. At least 3 repeats were done 






Movie 3.1: PAT1-mRFP forms granules and travels in living neurons 
The PAT1-mRFP fluorescent fusion protein was transfected into hippocampal cultures at 7 DIV. Images 
were taken 18-24 hours later with time-lapse video microscopy. Successive frames (living frames, no 
delay) were taken to a video showing a PAT1 granule moving in the anterograde direction in the 




Movie 3.2: PAT1-cherry forms granules and travels in living neurons 
The PAT1-cherry fluorescent fusion protein was transfected into primary hippocampal neurons at 7 DIV. 
Images were taken 18-24 hours later with time-lapse video microscopy. Successive frames (every 30 s) 
were taken to a video showing a PAT1-cherry granule moving in the anterograde direction, then in the 
retrograde direction, and continue in a saltatory manner moving in the dendrites. Scale bar = 5 μm, video 






Movie 3.3: PAT1-GFP forms granules and travels in living neurons 
Primary hippocampal neurons were transfected with PAT1-GFP at 7 DIV. Images were taken 18-24 hours 
later with time-lapse video microscopy. Successive frames were taken to a video showing PAT1-GFP 
forms granules and travel in the dendrite. Two arrows indicating one PAT1-GFP granule is moving 
anterograde direction, and another PAT1-GFP granule is maintaining a still position in the dendrites. 






Movie 3.4: PAT1-RFP and ZBP1-GFP form granules and travel in living neurons. 
Primary hippocampal neurons were transfected with PAT1-mRFP (red) and ZBP1-GFP (green) at 7 DIV. 
Granules movements were imaged 18-24 hours later at 2 minutes per frame with time-lapse microscopy. 
Successive frames were taken to a video showing PAT1-RFP and ZBP1-GFP form granules and travel in 
the dendrites. Scale bar = 6 μm, video length is 2 minutes. At least six repeats were done independently 
for this experiment. 
 
 
Movie 3.5: PAT1-cherry and ZBP1-GFP form granules and travel in living neurons. 
Primary hippocampal neurons were transfected with PAT1-cherry (red) and ZBP1-GFP (green) at 7 DIV. 
Granule movements were imaged 18-24 hours later at 2 minutes per frame and were taken to a video. 
PAT1-cherry granule (red, highlighted with arrows) co-transporting with ZBP1-GFP (green). Video length 




















Neurotrophin regulation of actin-dependent changes in growth cone motility may depend on the 
signaling of β-actin mRNA transport (Zhang et al., 2001a). Localization of a β-actin mRNP with ZBP1 
modulates the density of dendritic filopodia and filopodial protrusions (Eom et al., 2003). Base on the 
experimental data about the interaction between PAT1, kinesin and ZBP1/β-actin mRNP at the molecular 
level, certain experiments were carried out to explore the developmental function of PAT1. The effect of 
BDNF stimulation on β-actin mRNP localization was tested. Two approaches were applied in parallel to 
explore the function of PAT1 on β-actin mRNA localization, dendritic filopodial protrusion development, 
synaptogenesis and dendritic growth cone development. siRNAs were designed to knock down PAT1; a 
dominant-negative ZBP1 1-195 construct was designed to interrupt the interaction between PAT1 and 
endogenous ZBP1. These two approaches were applied in parallel to access the function of PAT1 during 
neuronal development. 
4.1. β-actin mRNA zipcode interacts with PAT1 and ZBP1  
To evaluate the function of PAT1 in β-actin mRNA localization, HEK293 cells were transfected 
with different constructs including PAT1, KLC, and ZBP1 domains, and co-IPs were analyzed for β-actin 
mRNA association ( Supplemental Figure 6.4 A; upper panel). RT-PCR detected β-actin mRNA as 
expected with the full-length (lane 4, 5) and C-terminus (lane 6) but not N-terminus of ZBP1 (lane 7). 
PAT1 was also able to co-IP β-actin mRNA to a lesser extent than ZBP1 (lane 3). FMRP was negative for 
β-actin mRNA association (Supplemental Figure 6.4 lane 2), as were the co-IPs of GFP alone 
(Supplemental Figure 6.4 lane 1) and mock-transfected (Supplemental Figure 6.4 lane 8). The specificity 
of the β-actin mRNA association was evident since no protein interacted with the control vinculin mRNA 
(Supplemental Figure 6.4 A; lower panel). 
To determine the role of the β-actin mRNA 3’ UTR zipcode in kinesin association, HEK cells were 
transfected with constructs overexpressing the zipcode fused to a lac-Z coding sequence reporter, and 
the Kinesin complexes were isolated. It was reasoned that if the zipcode is required for the formation of 
ZBP1/motor complexes, excess zipcode would compete with the endogenous β-actin mRNA and result in 
decreased ZBP1/motor complexes (Supplemental Figure 6.4 B; upper panel). ZBP1 immunoprecipitate 




(Supplemental Figure 6.4 lane 3). In contrast, ZBP1 immunoprecipitate from cells expressing zipcode (+) 
constructs showed little detectable β-actin mRNA (Supplemental Figure 6.4 lane 2). Interestingly, both 
KHC and KLC immunoprecipitates showed β-actin mRNA (Supplemental Figure 6.4 lane 5, 7), yet in the 
presence of excess zipcode, this association was significantly diminished (Supplemental Figure 6.4 lanes 
4, 6). This was in contrast to a different isoform of kinesin, Kinesin-II, which did not precipitate any β-actin 
mRNA (Supplemental Figure 6.4 lanes 8, 9). Negative controls confirmed that kinesin immunoprecipitates 
did not associate with the vinculin mRNA by PCR, indicating that our assay was specific for β-actin mRNA 
(Supplemental Figure 6.4 B; lower panel). 
4.2. BDNF-induced transport of β-actin mRNA requires the zipcode and the interaction 
between PAT1 and the N-terminus of ZBP1 
Previous findings indicated that PAT1/ZBP1/β-actin mRNA complexes are trafficked along 
dendritic microtubules, and to determine the biological consequences of dendritic β-actin mRNA 
trafficking and how it is regulated by BDNF and PAT1, more experiments were conducted. Fluorescent in 
situ hybridization (FISH) showed that PAT1 colocalizes significantly with β-actin mRNA in dendrites 
(Figure 4.1 A; Pearson’s coefficient = 0.82; n =12 cells, 3-4 dendrites per cell). β-actin mRNA and PAT1 
co-transport within granules in living dendrites of hippocampal neurons was observed at rates consistent 
with those recorded for PAT1 (Figure 3.11D, Movie 4.1). These data suggested that the β-actin mRNA 
associates with PAT1 and Kinesin-I are dependent on an interaction involving the β-actin mRNA 3 ’UTR 
zipcode element. Using PAT1 siRNA application in primary hippocampal neurons, we determined that the 
role of PAT1 is to promote localization of ZBP1 and β-actin mRNA to dendrites. Two distinct siRNA 
duplexes directed against PAT1 were tested and found to maximally knock down its expression at both 
the mRNA and protein levels (Figure 4.2A-D). These siRNAs effectively diminished PAT1 mRNA by 
~90%, as determined by normalization to the total β-actin mRNA level, which was not affected (Figure 
4.2A, C). Diminished PAT1 protein level in dendrites was verified by fluorescence quantification (Figure 
4.2B, C), which also resulted in decreased ZBP1 localization (Figure 4.3A). While PAT1 protein was 
diminished by ~55%, the highly similar KLC was not affected (Figure 4.2D). Under these conditions both 




transfection of fluorescent duplex RNA tracers (Figure 4.2E). The PAT1 siRNA did not affect total ZBP1 
levels in neurons either, as they were similar to the control siRNA-treated cells (Figure 4.2F).To identify 
the role of PAT1 in activity-dependent β-actin mRNA localization, quantitative FISH was performed after 
the stimulation of neurons with BDNF. BDNF has been shown to signal the Src- and ZBP1-dependent 
localized translation of β-actin mRNA in growth cones of developing neurons, and plays a role in ZBP1-
mediated dendritic filopodial growth (Eom et al., 2003; Sasaki et al., 2010). In the control siRNA-treated 
neurons, BDNF treatment for 1 hour significantly increased the dendritic β-actin mRNA levels by ~ 38% 
(Figure 4.1B; ***p < 0.001 by t-test, n > 42 cells, 2-3 dendrites per cell). In the PAT1 siRNA-treated 
neurons, the dendritic β-actin mRNA was diminished to ~55% of the controls after BDNF stimulation 
(Figure 4.3A; ***p < 0.001 by t-test, n = 38 cells, 2-3 dendrites per cell). This was similar to the effect of 
PAT1 knockdown on ZBP1 levels, which decreased by ~70% when compared to the control neurons 
(Figure 4.3A; **p < 0.01 by t-test, n = 38 cells, 2-3 dendrites per cell). The ratio of dendritic to somatic β-
actin mRNA levels was measured, which showed a similar ~42% reduction upon PAT1 knockdown in 
basal conditions (Figure 4.2 G, *p < 0.05 by t-test, n > 22 cells, 2-3 dendrites per cell). More significantly, 
the total number of dendritic β-actin mRNA granules decreased by ~63% upon PAT1 knockdown 
compared to the controls (Figure 4.3A, ***p < 0.001 by t-test, n > 33, 2-3 dendrites per cell). These effects 
of PAT1 knockdown were unique to the β-actin mRNA, as the PAT1 siRNA did not diminish the dendritic 
localization of two other localized mRNAs, CaMKIIα mRNA and GABA-A-R-δ mRNA (Figure 4.3B; p > 0.3 
by t-test for CaMKIIα mRNA, *p < 0.05 by t-test  for GABA-A-R-δ mRNA, n > 30 cells, 2-3 dendrites per 
cell). The PAT1 siRNA-mediated decrease in β-actin mRNA localization presumably affects ZBP1 
association with Kinesin; therefore, we tested whether this treatment affected their colocalization in 
dendrites. Indeed the 3D colocalization of ZBP1 and KHC in dendrites was significantly diminished upon 
reduction of dendritic PAT1 (Figure 4.4A; **p < 0.01 by t-test, n = 18 cells, 3-4 dendrites per cell). 
If the binding between the N-terminus of ZBP1 (ZBP1 1-195) and PAT1 is important for their role 
in active β-actin mRNA localization, it is reasonable to expect that overexpression of the N-terminus of 
ZBP1 may act in a dominant-negative manner to compete with the endogenous ZBP1/β-actin mRNA 




length ZBP1 (Figure 4.4B). 24 hours of  ZBP1 1-195 expression resulted in a ~46% reduction in β-actin 
mRNA localization in response to BDNF compared to the control GFP expression (Figure 4.3C; ***p < 
0.001 by t-test, n > 30 cells, 2-3 dendrites per cell) and a ~62% reduction compared to the expression of 
ZBP1-FL (Figure 4.3C; ***p < 0.001 by t-test, n > 32 cells, 2-3 dendrites per cell). There was a small 
increase in the dendritic β-actin mRNA in the full-length ZBP1 expressing cells, but this was not 
significant (Figure 4.3C; p > 0.3 by t-test, n = 28 cells, 2-3 dendrites per cell). If indeed ZBP1 1-195 
competes with the endogenous ZBP1 for PAT1, then overexpression of PAT1 should have the ability to 
override this effect. In fact, we found that after the co-expression of ZBP1 1-195 and PAT1 in neurons, 
the dominant-negative effect of ZBP1 1-195 on β-actin mRNA localization was partially rescued by ~32% 
(Figure 4.3C; **p < 0.01 by t-test, n = 15 cells, 3-4 dendrites per cell). Taken together, these data 
demonstrated that PAT1 is required for the BDNF-induced transport of the β-actin mRNA/ZBP1 complex 
into dendrites. 
4.3. Interference with PAT1 function reduces BDNF-stimulated dendritic filopodia dynamics, 
synapse density , and dendritic growth cone size 
Previous work showed a role for ZBP1 in dendritic filopodial-spine growth in response to BDNF 
(Eom et al., 2003). In this study, the dynamics of actin-rich dendritic filopodial protrusions in response to 1 
hour of BDNF treatment was quantified and aimed to determine the role of PAT1 in this process. 
Filopodial protrusions as actin-rich structures protruding at least 1 μm from dendrites were counted. A 
significant increase in the density of dendritic filopodial protrusions (from 2.2 to 4.5/10 μm dendrite) was 
observed, so was the density of synapses (from 3.5 to 4.7/10 μm dendrite) in response to BDNF 
compared to unstimulated neurons (Figure 4.5; ***p < 0.001 by t-test, n > 32 cells, 2-3 dendrites per cell) 
(Figure 4.8; n = 25 cells, 2-3 dendrites per cell, **p < 0.01 by t-test). 
To determine the role of PAT1-mediated β-actin mRNA transport in dendritic protrusion dynamics, 
both PAT1 siRNA and dominant-negative ZBP1 1-195 approaches were used. Current siRNA design 
software all faces the challenge of off-target effects (Jackson et al., 2003; Scacheri et al., 2004). There 
are two categories of off-target effects according to their origins (Pei and Tuschl, 2006). The type I off-




target effect is caused by the seed region of siRNA. The seed region is recognized on miRNAs and 
contains 2nd to 8th or 9th nt of a miRNA (Lim et al., 2005). The downstream of miRNA and siRNA 
merged to the same RNA interference pathways (Birmingham et al., 2006), so siRNAs can act just like 
miRNAs to knock down gene expression through perfect hybridizations in their seed regions (Birmingham 
et al., 2006). In this research, a dominant-negative ZBP1 construct was applied to confirm the PAT1 
siRNA effect is not off-target effect.  
The automatic tracing capabilities in Imaris (Bitplane, Inc) were used to create a mask of the 
filopodial protrusions in an unbiased manner to facilitate the quantification of over 1000 protrusions in 
each condition. Upon PAT1 siRNA treatment, the increase in filopodial protrusion densities by BDNF 
stimulation was inhibited by ~ 40% (from 6.8 to 4.3/10 μm dendrite) (Figure 4.6A, B; *p < 0.05 by t-test, n > 
34 cells, 2-3 dendrites per cell). This was accompanied by a concomitant inhibition in the BDNF-induced 
lengthening of filopodial protrusions to a similar extent (from 1.4 μm to 0.96 μm on average, ~32%) 
(Figure 4.6A, B; *** p < 0.001 by t-test, n > 34 cells, 2-3 dendrites per cell). Transfection with ZBP1 1-195 
resulted in a ~42% (from 6.1 to 3.8/10 μm dendrite) and ~49% (from 7.3 to 3.8/10 μm dendrite) reduction 
in filopodial protrusion density compared to GFP control and ZBP1 FL transfected neurons, respectively 
(Figure 4.7A, B; ***p < 0.001 by t-test, n > 31 cells, 2-3 dendrites per cell). There was no significant 
difference between GFP transfected, and ZBP1 FL transfected neurons (p > 0.3 by t-test, n = 29 cells, 2-3 
dendrites per cell) although the average filopodial density was increased in ZBP1 FL transfected neurons. 
Dominant-negative ZBP1 1-195 also caused a similar reduction in the length of filopodial protrusions 
(from 2.8 μm to 1.8 μm on average, ~ 36%) (Figure 4.7 A, B; ***p < 0.001 by t-test, n > 31 cells, 2-3 
dendrites per cell), while GFP control or ZBP1 FL transfections did not appreciably alter the filopodial 
protrusion length (Figure 4.7A, B; p > 0.4 by t-test, n > 28 cells, 2-3 dendrites per cell). The decrease in 
the filopodial protrusion density and length after perturbation of the PAT1-ZBP1 interaction suggests that 
the delivery of β-actin mRNA and the interaction between PAT1 and ZBP1 are important for BDNF-
induced rapid changes in dendritic protrusion growth dynamics. 
Given the role of PAT1 in regulating the dendritic filopodial protrusion dynamics, a role for PAT1-




heterogeneity of synapse numbers that is dependent on cell culture density, only low-density neuronal 
cultures that routinely shows single neurons in multiple fields that were comparable in numbers between 
treatments by blind analysis with DIC microscopy was used for subsequent steps, and if acceptable, 
cultures were further processed for immunofluorescence. Neurons were stained for MAP2 (dendritic 
marker) and synapsin (synapse marker), the number of dendritic synapses was automatically counted by 
applying a threshold of synapsin fluorescence intensity, and this threshold was equally applied to all 
neurons to quantify the numbers of synapses per region of the dendrite. Somatic synapses were 
completely omitted in this analysis, as dendritic synapses were counted starting 20 μm away from the cell 
body. Using these criteria, the number of synapses with and without BDNF treatment were quantified, and 
a ~34% increase was observed within just 1 hour of BDNF treatment, changing from an average of 3.5 to 
4.7 synapses per 10 μm dendrite (,Figure 4.8, **p < 0.01 by t-test, n = 36 cells, 2-3 dendrites per cell). 
Also, a significantly decreased density of synapses after PAT1 siRNA treatment was observed, (~33%) 
compared to the control siRNA, from ~7 synapses/10 μm to ~5 synapses/10 μm (Figure 4.9, **p < 0.01 by 
t-test, n > 31 cells, 2-3 dendrites per cell). 
We further analyzed the effect of PAT1 knockdown on excitatory and inhibitory synapses, since it 
was possible that PAT1 affects both types of synapses equally. We stained for the vesicular presynaptic 
markers VGLUT (glutamatergic: excitatory) and VGAT (GABAergic: inhibitory) after the PAT1 siRNA 
treatment. To our surprise, PAT1 siRNA treatment led to a ~50% decrease in the density of glutamatergic 
synapses (from 2.7 to 1.3/10 μm dendrite) (Figure 4.10A, ***p < 0.001 by t-test, n > 22 cells, 3-4 dendrites 
per cell) but no significant change in GABAergic synapses from hippocampal dendrites (Figure 4.10, p > 
0.4 by t-test, n > 20 cells, 3-4 dendrites).  
In a parallel approach using the dominant-negative ZBP1 1-195 overexpression, we observed 
that the number of synapses was decreased by ~45% (from 4.7 to 2.9/10 μm dendrite) compared to the 
GFP transfected control neurons (Figure 4.10B, ***p < 0.001 by t-test, n > 34 cells, 2-3 dendrites per cell). 
This was in contrast to the ZBP1 full-length construct which had no significant effect on synapses density 
compared to GFP (Figure 4.10B, p > 0.4 by t-test, n = 30 cells, 2-3 dendrites per cell). If the dominant-




overexpression of PAT1 should compensate for this effect. Indeed we observed rescue of synapse 
density (from 3 to 4.6/10 μm dendrite) in response to BDNF upon co-expression of PAT1 and ZBP1 1-195 
in neurons (Figure 4.10B, ***p < 0.001 by t-test, n = 28 cells, 3-4 dendrites per cell). Taken together these 
data strongly supported a role for PAT1-mediated dendritic transport of β-actin mRNA in positive 
regulation of synapse morphology in response to BDNF signaling. 
Although we discovered that PAT1 knockdown affects dendritic filopodial protrusions, how 
filopodia on dendritic growth cones might be regulated by PAT1-mediated β-actin mRNA transport is not 
clear. Very little is known about how growth cone morphology is regulated or how their dynamics are 
modified during development (Libersat and Duch, 2004). All previous data demonstrated that PAT1 
interacts with ZBP1 and regulate β-actin mRNA transport in dendrites and also control neuronal 
development. Both ZBP1 and local β-actin translation are important for growth cone guidance 
(Welshhans and Bassell, 2011). Accordingly, the effects of PAT1 siRNA and the dominant-negative ZBP1 
1-195  expression on dendritic growth cone dynamics after BDNF stimulation were analyzed. Growth 
cones that stemmed from MAP2-positive processes were imaged, the total area was measured for each 
growth cone. On average, control siRNA treated dendritic growth cones were ~124 μm2 in size (Figure 
4.11A) while upon PAT1 siRNA treatment, dendritic growth cones were significantly reduced by ~46% 
(from 124 μm2 to 67 μm2) (Figure 4.11A, ***p < 0.001 by t-test, n > 30 cells, 2-3 growth cones per cell). 
The average dendritic growth cone size in control siRNA treated neurons was similar to that observed for 
GFP-transfected neurons (Figure 4.11B, 135 μm2). However, upon the dominant-negative ZBP1 1-195 
transfection, the dendritic growth cone size decreased by ~43% (from 135 μm2 to 77 μm2) and ~66% 
(from 135 μm2 to 226 μm2) compared to GFP transfected neurons (Figure 4.11B, ***p < 0.001 by t-test, n > 
31 cells, 2-3 dendrites per cell) and the full-length ZBP1 transfected neurons (ZBP1 FL) (Figure 4.11B, 
***P < 0.001 by t-test, n = 30 cells, 2-3 growth cones per cell). The full-length ZBP1 (ZBP1 FL) 
transfected neurons showed no significant change in dendritic growth cone size compared to only GFP 
transfected neurons (Figure 4.11B, p > 0.3 by t-test, n = 28 cells, 2-3 growth cones per cell). Notable was 
the partial collapse of most dendritic growth cones lamellae in both PAT1 siRNA and ZBP1 1-195 




The effect of PAT1 knockdown on dendritic growth cone size could arise from either a decrease 
in the nucleation of new filopodia or from a decrease in the size of filopodia. The dendritic growth cones in 
living neurons were analyzed by DIC microscopy after 30 minutes of BDNF stimulation at DIV 4. Dendritic 
growth cones in PAT1 siRNA transfected neurons showed a significant reduction (from 6.5 to 5.0 μm, 
~26%) in filopodial length over the time course of the experiment (30 minutes) compared to the control 
treated dendritic growth cones (Figure 4.12, ***p < 0.001 by t-test, n = 28 cells, 3-8 filopodia per growth 
cone). However, there was no significant difference in the number of filopodia emerging from the dendritic 
growth cones over this time course in both the PAT1 siRNA and control siRNA transfected neurons 
(Figure 4.12, p > 0.4 by t-test, n = 28 cells, 3-8 filopodia per growth cone), although this number was 
reduced on average (16%) compared to controls.  
ZBP1 regulates the localization of β-actin mRNA and modulate the density of dendritic filopodia 
and filopodial protrusions (Eom et al., 2003). Neurotrophin such as NT-3 regulates the actin-dependent 
growth cone motility through the signaling of β-actin mRNA transport (Zhang et al., 2001a). Since PAT1 
mediates the transport of ZBP1/β-actin mRNA, it is reasonable to expect PAT1 also engages in the 
dendritic filopodial protrusions development, as well as the dendritic growth cone dynamics. The 
experimental data presented here confirmed that PAT1 colocalizes with β-actin mRNA. Diminishing PAT1 
in primary neuron culture with siRNA led to decreased ZBP1 and  β-actin mRNA levels in dendrites, while 
CaMKIIα and GABA-A-R-δ mRNAs were unaffected. Similar effects were observed when the interaction 
between PAT1 and endogenous ZBP1 was disrupted by the transfection of a dominant negative ZBP1 1-
195 construct. Dendritic β-actin mRNA level decreased after the overexpression of ZBP1 1-195 in primary 
neuron culture. BDNF stimulates ZBP1/PAT1 colocalization and increases dendritic filopodial protrusion 
density and synapse density in hippocampal neurons. Hippocampal neurons treated with PAT1 siRNA or 
positive for ZBP1 1-195 overexpression showed decreased dendritic filopodial protrusion density and 
length compared to controls. Future investigation showed that only excitatory synapses decreased after 
PAT1 siRNA treatment, not the inhibitory synapses. PAT1 mediates the development of dendritic growth 
cones of hippocampal neurons, both PAT1 siRNA and dominant-negative ZBP1 1-195 transfection led to 




30 minutes after PAT1 siRNA treatment, the filopodial length of growth cones decreased, but the number 
of filopodia emerging from the growth cones was unaffected. These data indicated that the functions of 
PAT1 in actively maintaining the size of the growth cone lamella and filopodial length in response to 
BDNF stimulation through sufficient β-actin mRNA delivery, but that filopodial nucleation and turnover are 
less affected by inhibition of PAT1. All the above experimental data strongly suggested the critical role of 
PAT1 during neuronal development, especially during the β-actin mRNA transport, synaptogenesis and 
growth cone dynamics. However, still many unknown aspects about mRNA transport in vertebrate cell 






Figure 4.1: PAT1 colocalizes with β-actin mRNA in distal dendrites in primary hippocampal 
cultures; BDNF induces β-actin mRNA localization to hippocampal dendrites 
(A) PAT1 colocalizes with β-actin mRNA in distal dendrites. Mouse primary hippocampal neurons (9 DIV) 
were stained using FISH to visualize β-actin mRNA. Endogenous PAT1 (green) colocalizes with β-actin 
mRNA (red) in secondary and tertiary dendrites of a merged image. The right panels show separate low 
magnification images of MAP2 (blue), PAT1 (green) and β-actin mRNA (red). The lower panel shows 
merged close up of white-boxed region in the main image, with arrows indicating areas of PAT1 (green) 
and β-actin mRNA (red) colocalized voxels (yellow). Scale bar = 10 μm. At least 6 repeats were done 
independently for this experiment. 
(B) BDNF induces β-actin mRNA localization to dendrites. (Upper panels) Mouse hippocampal neurons 
were cultured for 10-12 DIV and either stimulated with BDNF for 1 hour or mock stimulated and 
processed for FISH with probes to β-actin mRNA (red). Immunofluorescence was used to stain dendrites 
(MAP2, blue). Representative images show without (-) and with (+) BDNF stimulation for β-actin mRNA 
FISH. (Lower panel)  The histogram shows the dendritic β-actin mRNA quantification. (***p < 0.001 by t-











Figure 4.2: Application of PAT1 siRNAs knocks down PAT1 mRNA and protein levels, and block 
ZBP1 and β-actin mRNA transport into dendrites.  
(A) RT-PCR analysis of primary hippocampal neurons treated with either control or PAT1 siRNA #1. 
PAT1 mRNA level was analyzed after siRNA treatment, β-actin mRNA level was also analyzed here as 
an internal control.  
(B) Immunostained PAT1 (green) after siRNA treatment described in (A). 
(C) The histogram shows quantified data from (A) and (B), ***p < 0.001 by t-test, n > 28 cells, 2-3 
dendrites per cell, error bar, ± SEM. Scale bar = 10 µm. 
(D) Western blots of PAT1, KLC, and tubulin showing specific effects of a second, distinct PAT1 siRNA on 
primary hippocampal neurons. KLC level is not altered by PAT1 siRNA #2 compared to control siRNA. 
Tubulin protein is used as a normalizing control for lysate loading. The histogram (bottom panel) shows 
the level change of PAT1 after PAT1 siRNA #2 treatment (left), and dendritic ZBP1 protein level 
diminished after siRNA #2 (*p < 0.05 by t-test, n = 18 cells, 2 dendrites per cell).  
(E) Fluorescence images show transfection efficiency of PAT1 siRNA #1 (lower left panel), siRNA #2 
(lower right panel), and control siRNAs (upper panels). Green fluorescent tracer oligos were co-
transfected with the control (CON siRNA) or PAT1 siRNAs. Tracer is observed around DAPI stained 
nuclei, indicating positive transfection of siRNAs in almost all neurons. 
(F) The histogram shows the quantification of ZBP1 protein levels at the whole cellular level after 
treatments with control or PAT1 siRNA #1. (p > 0.75 by t-test, n > 15 cells, 2 dendrites per cell, error bar, 
± SEM)  
(G) The histogram of the ratio between dendritic β-actin mRNA level and somatic β-actin mRNA level 
from PAT1 siRNA #1 and control (CON) siRNAs treatments, showing that PAT1 knockdown causes a 
relative decrease of β-actin mRNA in dendrites compared to cell bodies. (*p < 0.05 by t-test, n > 22 cells, 
2-3 dendrites per cell, error bar, ± SEM).  









Figure 4.3: PAT1 siRNA and dominant-negative ZBP1 block β-actin mRNA transport in dendrites.  
(A) PAT1 siRNA blocks β-actin mRNA and ZBP1 localization to dendrites. Mouse hippocampal neurons 
were cultured for 7-9 DIV, treated with PAT1 or control siRNAs for 72 hours. Neurons were stimulated 
with BDNF for 1 hour before fixation and FISH for β-actin mRNA (green). ZBP1 was immunostained 
simultaneously (white). (Top 2 panels) Representative images of control (CON) and PAT1 siRNAs treated 
neurons stained for ZBP1. (Bottom 2 panels) Representative images of control (CON) and PAT1 siRNAs 
treated neurons stained for β-actin mRNA. (Right) The Histogram shows quantification of dendritic ZBP1 
protein levels, dendritic β-actin mRNA levels and the total number of β-actin mRNA granules counted 
starting at least 20 μm away from the cell body. All results were converted to percent to normalize 
between experiments. Scale bar =10 μm. (**p < 0.01 by t-test; ***p < 0.001 by t-test, n > 40 cells, 2-3 
dendrites per cell, error bar, ± SEM).  
(B) PAT1 siRNA does not decrease GABA-A-R-δ or CaMKIIα mRNA localization to dendrites. Mouse 
hippocampal neurons were cultured for 7-9 DIV, treated with PAT1 or control siRNAs for 72 hours. 
Neurons were stimulated with BDNF for 1 hour before fixation and FISH for GABA-A-R-δ or CaMKIIα 
mRNA. (Top 2 panels) Representative images of control (CON) and PAT1 siRNA treated neurons stained 
for GABA-A-R-δ mRNA. (Bottom 2 panels) Representative images of control (CON) and PAT1 siRNAs 
treated neurons stained for CaMKIIα mRNA. (Right) The histogram shows quantification of GABA-A-R-δ 
and CaMKIIα mRNAs signal in dendrites; all results were converted to percent to normalize between 
experiments. Scale bar = 10 μm. (*p < 0.05 by t-test, n > 30 cells, 2-3 dendrites per cell, error bar, ± 
SEM). 
(C) Dominant-negative ZBP1 interferes with β-actin mRNA localization to dendrites. Mouse hippocampal 
neurons were cultured for 7-9 DIV and transfected with different ZBP1 constructs for 24 hours. Neurons 
were stimulated with BDNF for 1 hour, and then fixed and stained for β-actin mRNA by FISH. GFP alone 
(GFP), GFP + ZBP1 full-length (FL), GFP + ZBP1 1-195 (1-195), or GFP + ZBP1 1-195 + PAT1 full- 
length (1-195 + PAT1 FL) were transfected into neurons. GFP-positive neurons were quantified for 
dendritic β-actin mRNA intensity for each treatment. (Right) The histogram shows dendritic β-actin mRNA 
quantification in different transfections. All results were averaged and converted to percent to normalize 
between experiments. Scale bar = 10 μm (**p < 0.01 by t-test, ***p < 0.001 by t-test, n > 40 cells, 3-4 
dendrites per cell, error bar, ± SEM). 






Figure 4.4: PAT1 siRNA decreases the colocalization between KHC and ZBP1; ZBP1 1-195 is 
acting as a dominant-negative to full-length ZBP1 
(A) (Upper panels) Immunostained KHC (green) and ZBP1 (red) after control (CON) or PAT1 siRNAs 
treatment. Pearson’s correlation between PAT1 and ZBP1 was analyzed. (Lower panel) Histogram of 
Pearson’s correlation between ZBP1 and KHC after two treatments (**p < 0.01 by t-test, n = 18 cells, 3-4 
dendrites per cell, error bar, ± SEM). Scale bar = 10 µm. 
(B) ZBP1 1-195 acts as a dominant-negative protein since it binds to PAT1 and does not interact with 
endogenous full-length ZBP1. Immunoprecipitations between full-length ZBP1-GFP (ZBP1 FL-GFP), full-
length ZBP1-FLAG (ZBP1 FL-FLAG) and ZBP1 1-195-FLAG (1-195) were performed with anti-FLAG 
beads. Western blots showing both anti-GFP (top panel) antibody and anti-FLAG (bottom 2 panels) 
antibody were used to detect fusion proteins. lane 1, Input from ZBP1 1-195 + ZBP1 FL-GFP; lane 2, 
Input from ZBP1 FL-FLAG + ZBP1 FL-GFP; lane 3; immunoprecipitate from ZBP1-195 + ZBP1 FL-GFP; 
lane 4, immunoprecipitate from ZBP1 FL-FLAG + ZBP1 FL-GFP. 







Figure 4.5: BDNF stimulation results in a significant increase in the density of dendritic filopodial 
protrusions in cultured hippocampal neurons. 
Mouse hippocampal neurons were cultured for 7-9 DIV, stimulated with BDNF for 1 hour, fixed and 
stained for F-actin (phalloidin, red). (Left) Representative images of dendrites show F-actin staining with 
highlighted dendritic filopodial protrusions. (Right) The histogram represents quantification of the change 
in dendritic filopodial protrusions density after BDNF stimulation. Filopodial protrusions were measured as 
the number of dendritic protrusions per 10 μm and converted to percent to normalize between 
experiments. Scale bar = 5 μm. (***p < 0.001 by t-test, n > 32 cells, 2-3 dendrites per cell, error bar, ± 





Figure 4.6: PAT1 siRNA results in a decrease in the number of dendritic filopodial protrusions in 
cultured hippocampal neurons. 
(A) Mouse primary hippocampal neurons were cultured for 7-9 DIV, and treated with either control siRNA 
(i and ii) or PAT1 siRNAs (iii, iv) and stimulated with BDNF for 1 hour. F-actin was stained with phalloidin 
to visualize dendritic filopodial protrusions (left, red). Dendritic segments were captured in 3-D, 
deconvolved and reconstructed. Protrusions are traced, and the masks (filament) are overlaid onto the 
volume view (i and iii), or masks are shown alone (blue lines with red main dendrite branch) (ii and iv).  
(B) The Histograms show the quantification of the changes in dendritic filopodial protrusions density and 
length after control siRNA and PAT1 siRNA treatment. (Left) The filopodial protrusions were measured as 
the number of protrusions per 10 μm dendrite. (n > 30 cells, 2-3 dendrites per cell, > 1125 protrusions 
counted, *p < 0.05 by t-test). (Right) The filopodial protrusion length was measured after each treatment. 
(n > 30 cells, 2-3 dendrites per cell, > 1125 protrusions counted, ***p < 0.001 by t-test, error bar, ± SEM). 
All results were converted to percent to normalize between experiments. Scale bar = 3 μm for all images. 






Figure 4.7: Application of dominant-negative ZBP1 results in a decrease in the number and length 
of dendritic filopodial protrusions in cultured hippocampal neurons.  
(A) Mouse primary hippocampal neurons were cultured for 7-9 DIV and transfected with different ZBP1 
constructs for 24 hours. Neurons were stimulated with BDNF for 1 hour. GFP alone (GFP), GFP + ZBP1 
full-length (FL) or GFP + ZBP1 1-195 (1-195) were transfected into neurons. GFP-positive neurons were 
quantified for filopodial protrusions density and length for each treatment. Dendritic segments were 
captured in 3-D, deconvolved and reconstructed (top panels, i-iii). Filopodial protrusions are traced, and 
the filopodial protrusion mask filaments are overlaid (middle panels, blue lines with red main dendrite 
branch, iv-vi). The filaments masks alone are shown in bottom panels (vii-ix) to highlight protrusion. Scale 
bar = 10 μm. 
(B) The histograms show filopodial protrusion density quantification for different transfections indicated 
(GFP alone (GFP), GFP + ZBP1 full-length (FL) or GFP + ZBP1 1-195 (1-195). (Left) Filopodial protrusion 
density was measured as numbers of protrusions per 10 μm dendrite from different transfections; all 
results were converted to percent to normalize between experiments. (n > 32 cells, 2-3 dendrites per cell; 
n > 1255 protrusions, ***p < 0.001 by t-test, error bar, ± SEM). (Right) Filopodial protrusion length 
quantified from different transfections. (n > 32 cells, 2-3 dendrites per cell, n > 1255 protrusions, ***p < 
0.001 by t-test, error bar, ± SEM). Scale bar = 5 μm for all images. 







Figure 4.8: BDNF stimulation results in a significant increase in the density of synapses in 
cultured hippocampal neurons. 
Mouse primary hippocampal neurons were cultured for 7-9 DIV, treated with either control siRNA or PAT1 
siRNA. Neurons were stimulated with BDNF for 1 hour and stained for MAP2 (blue) and synapsin (red) to 
visualize dendritic synapses. (Left) Representative dendrites show MAP2 and synapsin staining, 
highlighting dendritic synapses. (Right) The histogram shows the change in dendritic synapse density 
after BDNF stimulation. Synapses were measured as the numbers of synapses per 10 μm dendrite and 
converted to percent to normalize between experiments. Scale bar = 10 μm. (n = 25 cells, 2-3 dendrites 








Figure 4.9: PAT1 siRNA results in a decrease in the density of dendritic synapses in cultured 
hippocampal neurons. 
Mouse primary hippocampal neurons were cultured for 7-9 DIV and treated with either control siRNA or 
PAT1 siRNA. Neurons were stimulated with BDNF for 1 hour and stained for MAP2 (red) to visualize 
dendrites and synapsin (green). (Left) Representative dendrites show MAP2 and synapsin staining 
highlighting dendritic synapses between the two treatments. (Right) The histogram shows the change in 
dendritic synapse density after control or PAT1 siRNA treatment. Synapse density was measured per 10 
μm dendrite and converted to percent to normalize between experiments. Scale bar = 10 μm, (n > 32 
cells, 2-3 dendrites per cell, **p < 0.01 by t-test, error bar, ± SEM). At least 3 repeats were done 






Figure 4.10: Both PAT1 siRNA and dominant-negative ZBP1 transfection result in a decrease in 
the density of dendritic synapses in cultured hippocampal neurons. 
(A) PAT1 siRNA results in a decrease in the density of dendritic excitatory synapses. Mouse primary 
hippocampal neurons were cultured for 7-9 DIV, treated with either control siRNA or PAT1 siRNA. 
Neurons were stimulated with BDNF for 1 hour and stained for MAP2 (blue) to visualize dendrites and 
VGLUT or Vgat (red) for excitatory or inhibitory synapses. (Top panels) Representative dendrites show 
MAP2 and VGLUT staining highlighting excitatory synapses. (Bottom panels) Representative dendrites 
show MAP2 (blue) and Vgat (red) staining highlighting inhibitory synapses. (Right) The histogram shows 
the change in excitatory/inhibitory synapse density after each treatment. Synapse densities were 
measured as density per 10 μm dendrite and converted to percent to normalize between experiments. 
Scale bar = 10 μm. (***p < 0.001 by t-test, n > 22 cells, 3-4 dendrites per cell; error bar, ± SEM). At least 3 
repeats were done independently for this experiment. 
(B) Dominant-negative ZBP1 transfection decreases the number of synapses, which can be rescued by 
PAT1 overexpression. Mouse hippocampal neurons were cultured for 7-9 DIV and transfected with 
different constructs for 24 hours. Neurons were stimulated with BDNF for 1 hour, fixed and stained for 
MAP2 (blue) and synapsin (red) to identify dendritic synapses. (Left) Representative dendrites show 
transfections of GFP alone (GFP), GFP + ZBP1 full-length (FL), GFP + ZBP1 1-195 (1-195), or GFP + 
ZBP1 1-195 + PAT1-FLAG (1-195 + PAT1). GFP-positive neurons were quantified for synapse density. 
(Right) The histogram shows synapse density quantified from different transfections as indicated. 
Synapses were measured as numbers per 10 μm dendrite and converted to percent to normalize 
between experiments. Scale bar = 10 μm (n >30 cells, 2-3 dendrites per cell, **p < 0.01 by t-test, ***p < 





Figure 4.11: PAT1 siRNA and dominant-negative ZBP1 transfection result in a decrease in the size 
of dendritic growth cones in cultured hippocampal neurons.  
(A) PAT1 siRNA decreases the size of dendritic growth cones. Mouse primary hippocampal neurons were 
cultured for 7-9 DIV and treated with either control siRNA or PAT1 siRNA. Neurons were stimulated with 
BDNF for 1 hour and stained for MAP2 (red), and phalloidin (green) identify dendritic growth cones. (Left) 
Representative dendritic growth cones show MAP2 and phalloidin staining. (Right) The histogram shows 
the change in dendritic growth cones size after each treatment. Growth cone size was measured in μm2 
and converted to percent to normalize between experiments. Scale bar = 5 μm. (n > 38 cells, 2-3 growth 
cones per cell, ***p < 0.001 by t-test; error bar, ± SEM).  
(B) Dominant-negative ZBP1 transfection results in a decrease in the area of dendritic growth cones in 
cultured hippocampal neurons. Mouse hippocampal neurons were cultured for 7-9 DIV and transfected 
with different constructs for 24 hours. Neurons were stimulated with BDNF for 1 hour and stained for 
MAP2 (green) and phalloidin (purple) to identify dendritic growth cones. GFP alone (GFP), GFP + ZBP1 
full-length (FL) or GFP + ZBP1 1-195 (1-195) were transfected into neurons, and GFP-positive neurons 
were quantified for growth cone size from each treatment. Three representative images are shown for 
each treatment. (Right) The histogram shows growth cone size quantification from different transfections 
indicated at left. The size was measured in μm2 and converted to percent to normalize between 
experiments. Scale bar = 5 μm. (n > 40 cells, 2-3 growth cones for each treatment, **p < 0.001 by t-test, 
error bar, ± SEM).  





Figure 4.12: PAT1 siRNA treatment results in a decrease in the length of growth cone filopodia, 
but not the growth cone turnover dynamics in living hippocampal neurons.  
Mouse primary hippocampal neurons were cultured for 7-9 DIV and treated with either control siRNA or 
PAT1 siRNA for 72 hours. Neurons were stimulated with BDNF for 30 minutes and imaged using DIC 
microscopy to visualize growth cone morphology for 30 minutes. (Left) Representative images of growth 
cones show filopodial length and number between each treatment. (Right, upper) The histogram shows 
the growth cone filopodial length change after each treatment. The filopodial length was measured in μm. 
Scale bar = 5 μm. (n = 28 cells, n = 1-2 growth cones per cell, ***p < 0.001 by t-test, error bar, ± SEM). 
(Right, lower) The histogram also shows the change of growth cone filopodia density after each 
treatment. Filopodial density was measured per growth cone (n = 25 cells, n = 1-2 growth cones per cell 







Movie 4.1: PAT1-RFP and β-actin mRNA form granules and travel in living neurons 
Hippocampal neurons were transfected with PAT1-mRFP and β-actin MS2-MCP-GFP at 7 DIV. Granules 
movements were imaged 18-24 hours later at 3 s per frame and were taken to a video. β-actin mRNA 
(green) and PAT1 (red) are shown here. Scale bar = 2 μm, video length is 1 minute. At least 3 repeats 


















Little is known about the molecular mechanism for mRNA transport. Therefore, this study aimed 
to reveal how mRNAs are transported into dendrites, and how neurotrophin signaling pathways known to 
affect morphological plasticity regulate this transport. Here we elucidated a direct link from kinesin to the 
β-actin mRNA/ZBP1 complex through a PAT1/KLC interaction. This is the first example of a direct 
molecular linkage of a specific mRBP to kinesin and a requirement for a motor adapter in mediating 
mRNA localization during vertebrate development. The data support a model indicating a dynamic 
interaction between the β-actin mRNP complex and PAT1 that can be regulated by BDNF (Figure 5.1), as 
ZBP1 and PAT1 colocalization increase significantly upon the BDNF exposure. This model suggests a 
critical role for β-actin mRNA delivery in actin filament remodeling. This model also represents a new link 
between a localized dendritic mRNA and its role in excitatory-specific synapse development. The BDNF-
induced mRNA transport likely plays a central role in protein synthesis-dependent plasticity during 
synaptogenesis and underlines a paradigm for how BDNF is signaling to a motor protein-mediated 
delivery of specific cargoes to dendrites. Given that thousands of mRNAs are potentially transported to 
dendrites in an activity-dependent manner (Cajigas et al., 2012), it may be that PAT1 functions to deliver 
other mRNAs critical for dendritic morphogenesis in addition to β-actin mRNA. As such, this study opens 
the path to discover the roles of many mRNAs in neurotrophin-dependent signaling to molecular motor 
adaptors during dendritic development. 
5.1. PAT1 as a new adaptor for mRNA granule transport 
The identification of a direct adapter between a specific domain of a mRNA-binding protein and 
KLC is the first of its kind for mRNA granule transport involving a plus-end-directed microtubule motor. 
Kinesin has been long implicated in mRNA transport in various cell types (Carson et al., 1997; Brendza et 
al., 2000) and specifically in primary neurons for several abundant dendritic transcripts (Severt et al., 
1999). KHC associates with over a dozen mRBPs in neurons, including Pur-α, Staufen, FMRP, and 
hnRNP family members and is required for the transport of CaMKIIα and Arc mRNAs (Kanai et al., 2004). 
Although KHC mutants are effective in blocking mRNA transport upon overexpression, the C-terminal 
domain implicates in mRNP attachment overlapped the domain for KLC attachment, which obscured a 




facilitate the transport of cargo mRNAs, which are diminished in dendrites of neurons derived from FMRP 
knockout mice (Dictenberg et al., 2008). This was only observed in the stimulus-induced state, suggesting 
that signaling mechanisms can prioritize mRNP transport and regulate their motor association. 
Here we observed that while PAT1 siRNA diminishes β-actin mRNA transport, two other 
abundant dendritic mRNAs, the CaMKIIα and GABA-A-R-δ mRNA are not diminished by this treatment 
(Figure 4.3). This points to the specificity of the PAT1-ZBP1 interaction, although it remains possible that 
both the CaMKIIα and GABA-A-R-δ mRNA operate through PAT1, and that BDNF stimulates their 
transport with a distinct motor adapter. The complexity of the CaMKIIα mRNA transport likely derives from 
its interactions with numerous mRBPs, such as translin (Severt et al., 1999; Wu and Hecht, 2000), CPEB 
(Huang et al., 2003), FMRP (Zalfa et al., 2003; Muddashetty et al., 2007; Dictenberg et al., 2008), 
hnRNPA2 (Shan et al., 2003; Gao et al., 2008) and Staufen (Mallardo et al., 2003; Jeong et al., 2007). 
Given their shared trafficking response to BDNF, it is curious that β-actin and CaMKIIα mRNAs are 
localized to distinct transport mRNPs (Tubing et al., 2010). In addition, several Staufen isoforms are 
proposed to influence the dendritic localization of β-actin mRNA (Goetze et al., 2006; Vessey et al., 2008), 
suggesting an overlap since CaMKIIα mRNA is localized to the Staufen mRNPs (Mallardo et al., 2003). 
How does BDNF signal through TrkB to the transport pathway for mRNA localization? BDNF is known to 
increase the proportion of motile dendritic mRNA granules (Elvira et al., 2006). It was also shown that 
BDNF stimulates the Src-dependent phosphorylation of ZBP1, which is required for the β-actin protein 
synthesis in growth cones (Sasaki et al., 2010). This phosphorylation at Tyr396 appears specific to 
translational regulation, as a phosphomutant at this site on ZBP1 does not impair mRNA localization 
(Sasaki et al., 2010) but rather regulates mRNA binding (Huttelmaier et al., 2005). Other potential 
phosphorylation sites may regulate the interaction of ZBP1 and PAT1 once mRNA is loaded onto ZBP1, 
similar to that reported for the FEZ1-mediated transport of syntaxin mRNA to presynaptic terminals (Chua 
et al.). Stimulus-induced regulation of motor-cargo interactions is an unexplored area of trafficking biology, 
and is likely important for the regulation of dendritic mRNA levels, considering the sizeable pool of 




Future identification of other mRBP ligands of PAT1 for dendritic mRNA transport is important. 
While PAT1 was first identified as a ligand for the basolateral sorting signal of APP, there has been no 
further reporting on its function in vesicular transport in cells, and no studies of PAT1 in neurons. It is 
possible that PAT1 functions in a dual role in developing axons for mRNA and vesicular transport to the 
growth cone, as it is localized to both developing axons and dendrites (Supplemental Figure 6.3). JIP 
proteins bind to APP (Matsuda et al., 2011), and can enhance its interaction with KLC (Inomata et al., 
2003). Currently, little data exists for the localization of JIP to neuronal dendrites, so a function for PAT1 
in vesicular transport may be limited to axons. Biochemical purifications of mRNA-binding proteins can 
yield both mRNA and vesicle enrichment (Mallardo et al., 2003). The question of whether distinct cargo 
types can co-transport, and how their association with motors is distinguished will be an important area to 
delineate. This also applies to distinct mRNA cargoes in transport, which is currently debated since 
mRNA granules are quite large (~ 0.3-0.6 μm diameter) (Knowles et al., 1996; Krichevsky and Kosik, 
2001), and mRNA-binding proteins associate with multiple, diverse mRNAs, yet recent reports suggest 
limited numbers of mRNAs in neuronal transport granules (Mikl et al., 2011; Batish et al., 2012). At least 
three distinct mRNAs that can co-transport were observed (unpublished). Still, it remains to be 
determined whether other mRNA-binding proteins and their mRNA targets can “piggyback” with ZBP1/β-
actin mRNA through heteromeric interactions with ZBP1 and/or RNA: RNA base pairing, which has been 
proposed for several dendritic mRNAs including CaMKIIα, Arc and MAP1b through FMRP (Zalfa et al., 
2003). Importantly, we observed the co-transport of β-actin mRNA and ZBP1 with PAT1, which is the first 
observation of a mRNA and its binding protein in transport with a motor adapter protein in living cells.  
5.2. Models for mRNA transport in other cells 
Several models are emerging for mechanisms on mRNA transport (Gagnon and Mowry, 2011), 
and our new model for PAT1-mediated transport has important analogies and implications for cargo 
delivery (Figure 5.1). In yeast, She2p is a mRBP that binds to Ash1 mRNA and simultaneously to She3p, 
which can recruit Myo4p to the complex (Long et al., 1997). Although the cytoskeletal substrate is actin-
based in yeast, She3p is analogous to PAT1 in that it acts as an adapter molecule between the mRBP 




complex process of posterior Oskar mRNA localization in the oocyte (Brendza et al., 2000; Zimyanin et al., 
2008). PAT1 was found to play a role in the Oskar mRNA localization since it is synthetic to a KLC 
mutation that has a subtle phenotype, and KLC overexpression can rescue the defects in the Oskar 
mRNA localization in PAT1 mutants (Loiseau et al., 2010). Using TIRF microscopy, it was showed that 
PAT1 stimulates KHC activity in vitro. However, the role of Drosophila PAT1 in mediating a direct link to 
KHC remains undetermined. While KLC appears to be dispensable for some aspects of KHC-dependent 
transport in Drosophila (Palacios and St Johnston, 2002), the genetic interaction with PAT1 suggests a 
synergism with KLC, and an essential function for KLC in mice (Rahman et al., 1999) suggests a larger 
role for PAT1-mediated kinesin function in vertebrates. 
 Recent results showed that Egl protein binds directly to several mRNAs localized in the 
Drosophila syncytial blastoderm embryo that require dynein and BicD (Dienstbier et al., 2009), a dynein-
interacting protein that has an established role in Drosophila and appears to specify some minus-end-
directed transport activities in vertebrates (Hoogenraad et al., 2003). In this model, BicD serves as the 
adaptor protein between dynein and mRNAs directly bound to Egl, although the finding that Egl can also 
bind directly to dynein light chain is confounding (Dienstbier et al., 2009). However, it remains to be 
determined whether BicD binds to the dynactin subunit of dynein in complex with actively transporting 
dynein/Egl/mRNAs complexes. It is interesting that BicD negatively regulates dynein, as does KLC for 
kinesin function in vertebrates (Verhey et al., 1998). This similarity for BicD and KLC extends further since 
KLC facilitates transport of diverse cargoes such as vesicles through the JIPs and mRNA through PAT1 
(Figure 5.1). Drosophila FMRP implicates in neuronal mRNA transport (Estes et al., 2008), and BicD 
interacts with FMRP. However, there is no evidence for BicD in FMRP-mediated mRNA transport (Bianco 
et al., 2010). Perhaps BicD mediates a dynein-specific pathway for mRNA localization in several 
organisms during distinct developmental stages. Future studies will determine how PAT1 and BicD may 
mediate kinesin- and dynein-specific mRNA localization functions, and whether they act simultaneously 
on these motor complexes that show alternating plus-end and minus end-directed mRNAs movements in 
dendrites (Dictenberg et al., 2008b; Dynes and Steward, 2007; Kural et al., 2005; Rook et al., 2000; 




interest in subcellular trafficking biology (Kural et al., 2005). Both PAT1 and BicD may function to transmit 
specific developmental signaling cascades to motor complexes and direct their cargo delivery in a unique 
manner. 
5.3. BDNF links stimulus-induced mRNA transport to translation-dependent synapse 
remodeling 
BDNF is known to robustly induce synaptic plasticity through a protein synthesis-dependent 
mechanism (Bramham et al., 2010; Malenka and Bear, 2004), and structurally remodels synapses 
(Tanaka et al., 2008). BDNF also plays a key role in the regulation of the translation machinery itself 
(Kanhema et al., 2006; Liao et al., 2007; Smart et al., 2003). Several plasticity transcripts have been 
implicated in this process, although the details are far from being revealed. Genetic deletion of the 3’ UTR 
of CaMKIIα mRNA results in a deficiency in CaMKIIα protein in dendrites and altered synaptic plasticity 
(Mayford et al., 1996), highlighting the importance of the 3’ UTR-dependent transport. Arc mRNA is 
increased by BDNF and bound by hnRNPA2 (Gao et al., 2008) and FMRP (Zalfa et al., 2003), although 
its interaction with FMRP through the non-coding RNA BC1 is controversial (Iacoangeli et al., 2008). 
Since the transport and translation of Arc mRNA support diverse forms of synaptic plasticity (Bramham et 
al., 2008), it will be important to determine how BDNF signaling pathway links the molecular motor 
machinery to coordinated translation in regulating synapse structure and function (Huang et al., 2007). 
Several other transcripts encoding translation factors have been shown to increase in dendrites 
using biochemical methods upon BDNF stimulation (Manadas et al., 2009). Amongst the small list of 
BDNF-induced transcripts, both the Arc and CaMKIIα mRNA transport require kinesin function 
(Dictenberg et al., 2008b; Kanai et al., 2004). It is interesting to speculate that the BDNF-induced delivery 
and translation of β-actin mRNA may regulate the F-actin-dependent Arc mRNA anchoring at active 
synapses (Huang et al., 2007), providing spatially controlled translation events in response to BDNF-LTP. 
β-actin is the preferred subunit for actin polymerization in filopodia, and it can nucleate F-actin growth 
more effectively through chaperone binding (Hansen et al., 1999; Shestakova et al., 2001). Since 
translation is sequestered to F-actin (Bonneau et al., 1985; Hesketh, 1994), β-actin mRNA transport and 




signaling. How localized translation of specific transcripts contributes to synapse specification remains 
unexplored. However, our data show that β-actin mRNA delivery to dendrites is required for excitatory, 
but not inhibitory, synapse development. This suggests that β-actin mRNA translation may be critical for 
expansion of the PSD-95-associated scaffold but not the gephyrin counterpart at inhibitory synapses, 
which interacts with microtubules. Therefore, PAT1 represents the first described molecular motor 
adapter that is required for and specifies post-synaptic development.  
BDNF has been shown to regulate actin-dependent spine formation and synaptogenesis during 
development (Dunaevsky et al., 1999; Eom et al., 2003; Luikart et al., 2005; Ji et al., 2010). However, the 
molecular mechanism for the BDNF signaling in the regulation of synapse formation and maintenance is 
not well understood (Bramham et al., 2010). BDNF signaling to β-actin mRNA may result in the 
convergence of localized signals to trigger motor-dependent transport and translation of synaptic scaffold 
protein transcripts. While axonal transport of vesicular cargoes appears essential for the BDNF-induced 
pre-synaptic development (Kondo et al.), our results indicated a role for neurotrophin-mediated translation 
in excitatory post-synaptic development. This may be a highly conserved mechanism since the 
Drosophila orthologue of ZBP1, Imp1 has been suggested to play a role in the development of the 
neuromuscular junction (Boylan et al., 2008).  
Few studies have examined the role of actin dynamics in the biology of dendritic growth cones. 
Upon PAT1 siRNA treatment, dendritic growth cones displayed significantly diminished size compared to 
control treated neurons in the presence of BDNF (Figure 4.11 and Figure 4.12). A similar effect on 
dendritic growth cone size was observed using a dominant-negative form of ZBP1 overexpression (Figure 
4.11B), although these approaches are quite distinct as ZBP1 1-195 may, for instance, interfere with 
binding to an unknown protein involved in mRNA localization. However, while the length of growth cone 
filopodia was diminished after interference with PAT1 function, the number of filopodia did not change 
significantly. These data are consistent with the studies in axonal growth cone guidance where BDNF-
induced β-actin mRNA translation and growth cone turning is impaired in neurons lacking ZBP1 
(Welshhans and Bassell, 2011). NT-3 regulates β-actin mRNA and protein localization within growth 




guidance cues such as BDNF, NT-3, NT-4/5 and other neurotrophins in the β-actin mRNA-mediated 
turning of dendritic growth cones, and how ZBP1 may regulate this transport- and translation-dependent 
process in asymmetrical turning assays. Identification of motor-mRNA interactions within dendritic growth 
cones (Crino and Eberwine, 1996) will provide important insight into how the transport and translation 






Figure 5.1: A proposed model for mRNA transport in neurons: PAT1 functions as a molecular 
adapter between the ZBP1/β-actin mRNA RNP complex and KLC.  
ZBP1 binds to the 3’ UTR zipcode of β-actin mRNA, which represses the translation of β-actin mRNA 
during transport. The N-terminus of ZBP1 (amino acids 1-195) binds PAT1, which then associates 
through its HR domain to the TPR domain of KLC, activates kinesin for microtubule binding and transport. 
The TPR domain of KLC also binds to the JIPs associated with vesicles, but their binding to KLC and 
transport is not mutually exclusive to PAT1 cargoes. It is not clear yet which part of PAT1 is essential for 
binding to the ZBP1. Also unresolved is how the ZBP1/β-actin mRNA complex binding to PAT1 is 
regulated, or how in turn the PAT1 binding to KLC is regulated in cells. BDNF signaling stimulates β-actin 
mRNA localization through PAT1-kinesin complex, supporting dendritic filopodial protrusion and synapse 



















 PAT1 ZBP1 N-terminus ZBP1 C-terminus KLC KHC 
ZBP1 + nd nd - - 
PAT1 nd + - + - 
KLC + - - nd + 
KHC - nd nd + nd 
PTB - - - - - 
No plasmid - - - - - 
 
Supplemental Table 6.1: PAT1 interacts with the N-terminus of ZBP1 and KLC, but not KHC or 
PTB. 
Directed yeast two-hybrid screen was performed between different mating strains. For each pair, a (+) 
represents robust colony growth, a (-) stands for no colony growth, and (nd) indicates not determined. In 





Supplemental Figure 6.1: ZBP1 associates with microtubules in neuronal dendrites  
(A) Mouse primary hippocampal neurons (8 DIV) were treated with the carrier (mock, upper panel), 
nocodazole (middle panel), or latrunculin (lower panel) for 30 minutes. Neurons were fixed and 
immunostained for ZBP1 (white). Scale bar = 5 μm  
(B) The histogram shows the quantification of ZBP1 levels from (A). ***p < 0.001 by t-test, n = 12 cells, 2 
dendrites per cell, error bar, ± SEM.  
(C) ZBP1 binds to microtubules through motors. Embryonic brain extract was MAP-depleted and 
incubated with taxol-stabilized microtubules alone (lane 2), in the absence of ATP (lane 3), in the 
presence of 5 mM AMP-PNP (lane 4) or 10 mM ATP (lane 5).  Microtubules were spun through a sucrose 
cushion by centrifugation, and the pellets were washed (with or without either AMP-PNP or ATP) and 
processed for SDS-PAGE. The extract was loaded (lane 1) to show the proteins present in the extract.  
The blots were probed for the proteins indicated on the right. At least 3 independent repeats were done 
for this experiment.  
(D) ZBP1 is found on microtubules in dendrites and dendritic growth cones and colocalizes with KHC.  
Mouse primary hippocampal neurons were cultured for 6 DIV and processed for immunofluorescence for 
ZBP1 (blue), actin (phalloidin, green) and tubulin (red) to highlight ZBP1’s presence in dendritic growth 
cones. (Inset). Growth cones (4 DIV) were immunostained for both ZBP1 (green), and KHC (red) showing 
the accumulation of ZBP1 in distal neurite tips and colocalizes in neurite shafts (arrowheads) with KHC.  






Supplemental Figure 6.2: PAT1 and KLC directly interact with each other. 
(A) PAT1 (input and pellet, FLAG, upper panels) co-precipitates with KHC (pellet, lower panel) when co-
expressed with full-length KLC (lane 2, KLC-FL, PAT1) but not the HR domain of KLC (lane 3, KLC-HR). 
Immunoprecipitations were performed with anti-KHC beads. PAT1 alone does not precipitate significantly 
with KHC (lane 1, PAT1-FLAG only). 
(B) ZBP1 interacts with PAT1. PAT1-GFP (lane 3, 4), GFP (lane 1, 2) or ZBP1-GFP (lane 5, 6) was 
transfected in HEK293 cells along with ZBP1-FLAG. Immunoprecipitations were performed with anti-
FLAG beads (P, lanes 1, 3, 5). Western blots (WB) were performed for FLAG and GFP. PAT1-GFP and 
ZBP1-GFP migrate similarly since they are equivalent in molecular weight. At least 3 independent repeats 






Supplemental Figure 6.3: PAT1 is localized to dendritic shafts and growth cones. 
(A) Mouse primary hippocampal neurons were cultured for 5 DIV and stained for PAT1 (red) and MAP2 
(green) to identify dendrites. PAT1 is localized to the cell body, dendritic shafts (arrowheads) and 
developing growth cones and filopodia (arrows). 
(B) Mouse primary hippocampal neurons were cultured for 7 DIV and stained for PAT1 (red) and tau 
(green) to identify axons. PAT1 is localized to the cell body, dendritic shafts, and growth cones in axons 
and dendrites (arrowheads). Scale bar =10 μm.  






Supplemental Figure 6.4: β-actin mRNA associates with PAT1 and ZBP1, but not FMRP; ZBP1 and 
kinesin associate with β-actin mRNA in a 3’UTR-zipcode-dependent manner. 
(A) Semi-quantitative RT-PCR of mRNA from immunoprecipitates of ZBP1, PAT1, FMRP, and kinesins 
indicated that β-actin mRNA associates with PAT1 and ZBP1. Endogenous or transfected proteins 
(indicated) were precipitated, and the mRNAs were extracted. RT-PCR was performed with primers on 
either β-actin (upper gels) or vinculin (lower gels). Blank PCR indicates no mRNA template added to the 
reaction. Constructs used are indicated above lanes. Immunoprecipitation antibodies: lanes 1-4: anti-GFP 
antibody; lanes 5-7: anti-FLAG antibody; lane 8: anti-FLAG and anti-GFP antibodies; Dashed lines in 
marker lanes indicate 500 bp marker. At least 3 repeats were done independently for this experiment. 
(B) Semi-quantitative RT-PCR of mRNA from immunoprecipitates of ZBP1 and different kinesin subunits 
and isoforms indicated ZBP1 and kinesin associate with β-actin mRNA in a 3’ UTR-zipcode-dependent 
manner. Endogenous or transfected proteins (indicated) were precipitated, and the mRNAs were 
extracted and used as a template for RT-PCR reactions with primers to either β-actin (upper gels) or 
vinculin (lower gels). LacZ (+) indicates cotransfection with a competitive 3’ UTR zipcode construct that 
binds to ZBP1 and can displace endogenous β-actin mRNA. Blank PCR indicates no mRNA template 
added to the reaction. Constructs used are indicated above lanes. Immunoprecipitation antibodies: lane 
1: anti-FLAG antibody and anti-mouse IgG (non-immune); lanes 2-3: anti-FLAG antibody; lanes 4-5: anti-
KHC antibody; lanes 6-7: anti-KLC antibody; lanes 8-9: anti-Kinesin II antibody. Dashed lines in marker 
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